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ABSTRACT

Current biodegradation screening tests are not specifically designed for persistence assessment
of chemicals, often show high inter- and intra-test variability, and often give false negative
biodegradation results. Based on previous studies and recommendations, an international ring test
involving 13 laboratories validated a new test method for marine biodegradation with a focus on
improving the reliability of screening to determine the environmental degradation potential of
chemicals. The new method incorporated increased bacterial cell concentrations to better represent
the microbial diversity a chemical is likely to be exposed to in the sampled environments and ran
beyond 60 days, which is the half-life threshold for chemical persistence in the marine
environment. The new test provided a more reliable and less variable characterization of the
biodegradation behavior of five reference chemicals (sodium benzoate, triethanolamine, 4-
nitrophenol, anionic polyacrylamide, pentachlorophenol), with respect to REACH and OSPAR
persistence thresholds, than the current OECD 306 test. The proposed new method provides a cost
effective screening test for non-persistence that could streamline chemical regulation and reduce

the cost and animal welfare implications of further higher tier testing.

GRAPHICAL ABSTRACT
OECD 306 test Revised test New test
® P‘m(‘nl‘i.! OECD306.5 mBST,x imBSTy,
C CZE_JI'ﬂC ers
@ Other [ ] Q

bacteria ﬂ
A Non-persistent

benchmark

chemical

100 100

0 »

=P + +—»
28 days 28 60 120 days

% Biodegradation

0 . , >



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

INTRODUCTION

Regulatory frameworks (REACH !, OSPAR ?) combined with standardised test guidelines
(OECD 3, ISO #) help to protect the environment and human health from the risks and hazards
posed by globally manufactured chemicals. Within chemical risk assessment there has been a
philosophical shift towards prioritising chemicals based on the hazard of potential environmental
persistence, but regulatory tests have not reflected this change.’ Biodegradation screening tests
(BSTs) have not changed for over 30 years and are not effective at prioritising potential
environmental persistence; they are laboratory based short-term test whose duration is much less
than international half-life thresholds for persistence (60 days for seawater 6), they are variable "~
? and frequently report false negative outcomes.!®!! These outcomes can result in additional costly
biodegradation tests and potentially unnecessary bioaccumulation and toxicity tests of non-
persistent chemicals. It is estimated that effective persistence assessments may save upwards of
600 fish and $75K per chemical reliably screened out earlier in the risk assessment process. '

BSTs’ reliability can be increased by improving the representation of the environmental
microbial community in the test vessel through increasing microbial numbers and diversity in the
BSTs to more environmentally-relevant levels. It is hypothesised that this increases the likelihood
of including competent degraders in the test vessel; in comparison to previous tests that were
described as a ‘“biodegradation lottery”; where small sample sizes can lead to variable test
outcomes.”!¥"1® Intra-laboratory studies validated this concept for activated sludge and seawater
BSTs in a modified OECD 301B setup.”!”!® Here, BSTs with more environmentally relevant cell
numbers improved the reliability and accuracy of identifying the relative biodegradation
classification of five radiolabeled benchmark chemicals. In addition, extended test durations

beyond 28 days resulted in a more reliable identification of non-persistent chemicals.
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Following the findings from this research and a workshop on improvements to the marine BST
OECD 306 '6, an international ring test was performed to gather further scientific evidence towards
validating the impact of increased bacterial cell concentrations and prolonged test durations of a
new marine BST for chemical persistence assessment. The findings and recommendations of this

multi-laboratory study are presented here.
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MATERIAL AND METHODS

Ring Test Organization.

The new marine BST was validated following the OECD guidance document 34 which
highlights fundamental aspects to consider when designing new test methods for regulatory

71718 and inter-laboratory ring test validation conformed to all

acceptance. '° The pre-validation
key factors recommended in chapter IV except that chemicals were not coded and sent blind to the
contract research organizations (CROs). ' Such coding was not used since only a restricted set of
reference chemicals were sent to each CRO, and to enable correct handling and use of the
chemicals in a way that conformed to health and safety policies.

For the ring test, the biodegradability of a group of reference chemicals was compared in three
different test setups (see below) at 13 CROs in Canada, Germany, Italy, Japan, Norway, UK and
USA (Supporting Information, Figure S1). The CROs (12/13 GLP accredited) conducted the
tests at their own expense under GLP, or GLP-like, conditions to a ring test design and protocols

developed by Newcastle University (NU) in collaboration with industry and regulatory bodies.

The ring test setups were as described below:

a. OECD306cs: Standard OECD 306 Closed Bottle Method with non-concentrated, aged
seawater over 28 days 2° as a benchmark, against which to compare the revised and new
test, plus one single measurement at day 60 to assess biodegradation potential and the

previously reported oxygen limitation in this test beyond 28 days 2

b. mBSTwmr: Revised marine biodegradation screening test measuring biodegradation with
manometric respirometers (MRs) for 120 days with non-concentrated seawater to validate

use of MRs for marine BSTs and biodegradation potential beyond 60 days
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c. imBSTwmr: A new (“improved”) marine biodegradation screening test measuring
biodegradation with MRs for 120 days with 100-fold nominally increased bacterial
concentrations in seawater to validate the effect of cell numbers and biodegradation

potential beyond 60 days '8

Sampling and Seawater Preparation.

Seawater collection for all three tests followed the OECD 306 Closed Bottle Method protocol 2°
with subsequent pretreatments varying according to the test. The OECD306¢s followed the
original protocol that allows filtration or sedimentation and ageing of the seawater to remove
coarse particles and reduce the content of dissolved organic material, respectively (Supplementary
Information, Table S1).2° For both MR methods, raw seawater was pre-filtered through a 10-um
polypropylene filter bag (Cole-Parmer, Vernon Hills, USA), but not aged. Marine bacterial cell
numbers were increased 100-fold nominally by tangential flow filtration (TFF) for the new test
(imBSTwmr) only. CROs were asked to measure pH, temperature (T), dissolved oxygen (DO),
conductivity, salinity and heterotrophic plate counts (HPC) in raw seawater (sample S1), post
10 um filtration (sample S2), post TFF bacteria concentration (sample S3) and post ageing (sample
S4) (Supplementary Information, Table S2). For CROs conducting the MR methods, NU took
samples to additionally measure total cell counts (TCC) in samples S1, S2 and S3. Additional
analysis included DNA sequencing for microbial community profiling from seawater samples
collected prior test setup (samples S1, S2 and S3) and post 120 day incubation, but this data is not
included here.

Tangential Flow Filtration.
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Bacterial cell concentration was performed with a Pellicon 2 Mini TFF system (Merck,
Darmstadt, Germany), operated with five 0.1 m?surface 0.22 um pore-size polyvinylidene
fluoride filters (Merck, Darmstadt, Germany), 3/8 in Tygon tubing (Merck, Darmstadt, Germany)
and two peristaltic pumps (Watson Marlow, Falnmouth, UK) (Figure 1, Supplementary

Information, Figure S2).!”
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Figure 1. Schematic tangential flow filtration setup to increase bacterial cell numbers in seawater

(based on 2').

In TFF, water is pumped tangentially across the filter surface to reduce the chance of filter cake
formation. Seawater including salts passes the 0.22 um filter membrane as a partial flow and is
removed as filtrate while bacteria remain in the retentate and are enriched in the feed tank. Using
relatively “open” membranes with a pore size of 0.22 um , a filtrate pump reduces filtrate flow and
ensures a robust TFF process with reduced membrane wall concentrations and membrane
fouling.?!

NU provided the CROs with the TFF equipment and a NU representative performed the

concentration and provided knowledge transfer of technical expertise to the host CRO. After the
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first two test setups (CRO C and L), the permeate flow was reduced (2.6 L min"' m? to
2.2 L min' m?) at same feed flow (6 L min' m?) to operate the TFF more stably across
laboratories under varying seawater characteristics. Additionally, two recirculation steps with each
1 L of collected filtrate were included to flush any microorganisms sticking to the membrane in
the retentate. The filtrate was flushed through the system at maximum feed pump speed
(6.7 L min! m™ feed flow) and clamped filtrate tubing (0 L min' m™ permeate flow) for a cycle
of 2 min run, 1 min break and 2 min run.

The same TFF filters were used throughout the ring test. Prior to concentration, filters were
sanitized with 300 ppm sodium hypochlorite (NaOCl, pH 9, pH adjusted with 1 M hypochloric
acid) up to 30 min and permeability tested with the normalized water permeability (NWP) test to
assure filter cleanness and integrity. Following the manufacturers manual >, NWP was calculated
recording feed, retentate and permeate pressure under a set flow rate with high quality water. The
initial NWP of the new membrane was used as the basis to determine membrane recovery, i.e. how
effectively the membrane was cleaned back to its original state. After concentration, filters were
cleaned with 300 ppm NaOCI, pH 9 for up to one hour and filter integrity was reassessed with the
NWP test, before storing the filters in a bacteriostatic solution of 0.1M H3PO4, pH 2 at 4°C until
next usage.

Flow Cytometry for TCC.

TCC were measured by fluorescence staining of nucleic acids combined with quantitative flow
cytometry (FC) 2% using a FACScan flow cytometer (Becton Dickinson, Franklin Lakes, USA)
with a 15 mW 488 nm air-cooled argon-ion laser. Seawater samples were collected and fixed in
absolute ethanol (1:1 v/v) at the CROs, transported at 4°C to NU within 3 days and then stored at

-20 °C until use. Microbial cells in 1 mL of sample were stained with 10 uL. mL™' SYBR Green I
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working solution (10,000 x concentrated SYBR Green [ in DMSO, Sigma Aldrich, St. Louis, USA,
diluted 100 times in 10 mM Tris-HCL 1 mM EDTA, pH 8, Sigma Aldrich, St. Louis, USA) and
incubated in the dark at 38 °C for 13 min before measurement.”> Where necessary, seawater
samples were diluted with filtered TE-buffer (0.22 um; polyethersulfone membrane, Merck,
Darmstadt, Germany) before staining to achieve an event (defined as a single particle detected by
the instrument) rate between 200 and 800 bacteria/ s to avoid coincidence (i.e., two or more

bacteria being at the same time within the sensing zone).?¢

Readings were collected in logarithmic
mode and analysed with Flowing Software 2.0, using electric gating to separate signals from

background.?*?’

Test Chemicals.

The following five test chemicals were selected to evaluate the limits of the tests (Supplementary
Information, Table S3 and S4): a positive (sodium benzoate: SB) and negative (pentachlorophenol:
PCP) reference chemical and three chemicals previously having shown variable degradation
(triethanolamine: TEA, 4-nitrophenol: 4NP and anionic polyacrylamide: APAM). Based on the
ECHA database and further literature (Supplementary Information, Table S4), chemicals were
assigned following reference persistence and biodegradation categories: non-persistent and rapidly
biodegradable (SB, TEA), non-persistent and inherently biodegradable (4-NP); or potentially
persistent (PCP). APAM was chosen as a representative chemical used in the marine environment.
As polymers are currently exempt from REACH regulation 28, its biodegradability behaviour is
not classified in the ECHA database. Due to a lack of published reference biodegradation data for
APAM, it was not possible to assign an expected biodegradation classification for this test
chemical. Consequently, APAM results were reported separately to summaries of the SB, TEA,

ANP and PCP data.

10
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Test System Setup.

The test setups were based on the capacity and ability of each CRO to perform either the
OECD306¢g or the MR methods, or both. In general, each CRO tested the positive and negative
reference chemical; for the three variable chemicals, 4NP and TEA were tested more often than
APAM, due to a greater volume of existing data for 4NP and TEA (Supporting Information, Table
S4-S5). CRO L also conducted a toxicity control for PCP as part of their imBSTwmr setup (PCP +
SB).

OECD306c¢g was prepared according to the original protocol, which uses natural seawater as the
sole source of microorganisms.?® Briefly, sacrificial 300 mL biological oxygen demand (BOD)
bottles were filled with no headspace in triplicate for the oxygen blank and reference chemicals
(test concentration 2 mg L!) to measure biodegradation on day 0, 7, 14, 21, 28 and optional day
60 after incubation at 20°C in the dark.

An MR method, similar to OECD 301F ?°, was selected for the revised (mBSTmr) and new test
(imBSTwmr), using natural seawater for which increased microbial cells are used in the later. The
headspace in MRs provides more Oz, which is required for prolonged test durations and thus
renders ageing of seawater unnecessary to reduce background dissolved carbon content. At least
34-times more O was available in MRs than in the OECD306¢B (Supplementary Information,
Table S6). Other advantages of MRs are that they require less seawater than sacrificial bottles,
continuous biodegradation curves can be monitored and that they are already accepted by
regulators.”” However, it must be noted that MRs have a lower sensitivity compared to DO analysis
and require higher chemical test concentrations.? In the ring test, CROs used OxiTop Control/ IS
(WTW, Weilheim, Germany), CES (Coordinated Environmental Services, Kent, UK) and Micro-

Oxymax (Columbus Instruments, Columbus, USA) respirometers (Supplementary Information,

11
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Table S1). Media were prepared following OECD 301F guidelines®’, with the only difference that
mineral and chemical stock solutions were diluted with filtered seawater (mBSTwmgr) or filtered,
100-fold concentrated seawater (imBSTwmr) instead of water. The mineral medium was aerated
with clean compressed air for 20-60 min at 20 °C.?° Triplicate MR units were filled with 250 mL
for the oxygen blank and reference chemicals (test concentration 75 mg ThODxus L) to measure
biodegradation continuously under stirred conditions over 120 days at 20°C in the dark. At the
first CRO (C), PCP was tested at its water solubility limit of 14 mg L™ (7.6 mg ThODnu3 L.
However, at subsequent setups, PCP was also added at 75 mg ThODnus L to overcome MR
detection limits. OxiTop systems were backed up and reset at day 60 to allow data collection past
the system’s memory capacity limit. Incubator temperatures were measured throughout the study
and media temperatures, dissolved oxygen and pH were also recorded in all MR units after test

termination.

Biodegradation Determination and Interpretation.

In all three tests, biodegradation of a chemical was measured indirectly as a function of O2
consumption. While the OECD306¢g monitors DO in the liquid phase 2°, MRs measure O
consumption either from the change in volume or pressure in the apparatus (OxiTop), or by
monitoring the quantity of Oz produced electrolytically required to maintain constant gas volume
in the flask (CES), or by measuring the O, and CO; concentrations in the headspace via closed-
loop method (Micro-Oxymax). A solution of potassium hydroxide or another suitable absorbent
adsorbed the evolved CO; in the OxiTop and CES system.”>*° For all tests, biodegradation
calculation was based on theoretical oxygen demand (ThOD).?° Briefly, net O consumption was
calculated by subtracting the blank respiration from the O depletion recorded in the test chemical

bottles. Percentage biodegradation was then determined by accounting for chemical test

12
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concentration and ThODnu3n~o3 (ThODnos for nitrogen containing TEA, 4NP, APAM). The
Micro-Oxymax MR measures O» consumption as well as CO> production. Consequently,

biodegradation was also calculated based on measured CO; with mineralization yield and ThCO..

For the OECD306¢cg, 7/9 CROs included a single measurement at day 60 to assess
biodegradation potential and previously reported O> limitation occurring in this test beyond 28
days.?’ Depending on the test setup and weekends, 4/7 CROs measured DO directly on day 60,
with the other three CROs conducting the measurement on day 62, 59 and 63. For the purpose of
comparing the tests with each other, all measurements were treated as if they took place on day
60. Following OECD 306 paragraph 4 and 15, blank BOD values on day 60 needed to be under
30% of that of the reference substances for the degradation measurements to be included in the
analysis.?’ For the MR methods, blank respiration was evaluated against the OECD 301F threshold

defined in paragraph 22 of 60 mg L! in 28 days.?’

Biodegradation outcome was assessed both on the marine REACH and OSPAR threshold for
persistence assessments. In REACH’s integrated assessment and testing strategy (ITS), chemicals
are classified as non-persistent if they show > 60% biodegradation measured as ThOD over 60
days in an enhanced biodegradation screening tests.’! Biodegradation under 60% ThOD in 60 days
indicates potential persistence.’! OSPAR (§2.2, 57) considers a substance to be persistent if
“biodegradation is < 20% in OECD 306, Marine BODIS or any other accepted marine protocols
or <20% in 28 days freshwater (ready test)”.? Continuous biodegradation recording in MR systems
allowed the calculation of additional descriptors to assess the impact of increased bacterial cell
concentrations on degradation. For each test chemical in the mBSTwmr and imBSTwmg, time to reach
10% degradation i.e. lag time (t.), time to reach 50% degradation (tso, this descriptor is different

to the tso descriptor mentioned in the OECD 306 that excludes the lag phase — see below) and dtso

13
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(tso-tL, this descriptor is equivalent to tso as mentioned in OECD 306) were determined. The values
tL, tso and dtso were only based on those replicates that showed degradation and excluded those
that did not degrade. The exclusion of such zero values therefore influences the observed variance,

median and mean values.

For biodegradation results to be valid, at least two out of three replicates needed to show
degradation. Biodegradation values over 120% were classified as outliers and excluded from the
analysis. Negative biodegradation values were set to zero to calculate the coefficient of variation
(CV) based on mean degradation and standard deviation from the triplicate test setups. Data

analyses and visualisation was performed using R.*

The new test (imBSTwmr) is based on the intra-laboratory validated marine environmentally
relevant BST (erBST).!® For a detailed description of test protocol modifications from the erBST

to the imBSTwmg, see Supplementary Information, Methods M1.

14
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RESULTS AND DISCUSSIONS

Seawater Pretreatment.

Following the OECD 306 guideline ?°, seawater was collected from 0.5 - 60 m below the surface
and 40 - 5000 m offshore from March-August 2017 (Supplementary Information, Table S7)
depending on the CROs normal practices and sampling locations. For the OECD306cg, CROs
followed their standard operating procedure (SOP) to pretreat seawater, providing an interesting
insight in test variation within the OECD 306. After 8/9 CROs removed coarse particles by
filtration or sedimentation, all CROs aged the seawater in the dark for 6-10 days with varying
aeration conditions at 18-21 °C (Supplementary Information, Table S1). With ageing not being
required, the MR tests were set up sooner after seawater collection (mean 2.8 + 1.4 days, range

1 — 5 days) than the OECD306¢s tests (mean 8.2 + 2.3 days, range 6 — 13 days).

7/9 CROs determined HPC for the OECD306¢g 2° (Supplementary Information, Table S2), with
NU measuring TCC at all MR test setups. Culture-dependent HPC only measures a small fraction
of TCC (0.01-1% %), but a moderate positive correlation between both HPC and flow cytometry
methods (Supplementary Information Figure S3) allows comparison of the impact of ageing and
TFF on cell numbers in the OECD306¢cs and imBSTwmg, respectively. It should be noted that
different CROs used different media and methods for HPC culturing (Supplementary Information,
Table S2), which can affect the number and types of microorganisms recovered.>* Therefore,
greater value can be placed on concentration changes within one CRO, rather than comparisons
across laboratories. The variation of bacterial concentrations in raw seawater collected from
different sites varied by an order of magnitude for both enumeration methods (HPC and TCC),

even if HPC on average only accounted for 7% of the TCC (Figure 2).

15
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Ageing with preceding filtration/ sedimentation had a variable impact on bacterial numbers
(Figure 2). Depending on the CRO, OECD 306 pretreatment increased (up to 142-fold) or reduced
(80% lower) cell concentrations from raw seawater (based on HPC from raw (sample S1) to
filtered/ sedimented and aged seawater (sample S4), Supplementary Information, Table S8). This
variable change in cell numbers is not solely explained by the variation in pretreatment methods,
but probably also depends on the initial microbial composition of the seawater. Ageing has
previously shown to impose a selective pressure on the microbial community and change its
composition from the sampled environment.*> When the test chemical is then added, the bacterial
community may have become atypical of the environment. This may lead to a higher or lower
biodegradation potential to be observed and consequently increases the uncertainty and inaccuracy

of extrapolating laboratory biodegradation data to the environment.*®

Based on TCC, raw and 10 pm filtered seawater across CROs conducting the new (imBSTwmr)
and revised (mBSTwmr) tests contained on average 10° bacterial cells mL™! (ranging from 10* to 10°
bacterial cells mL™!) with increased average bacteria concentrations after TFF processing of
107 bacterial cells mL"' (ranging from 10° to 108 bacterial cells mL'). TFF increased the
concentration of bacteria at all CROs on average 107-fold, ranging from a 14-fold to 222-fold
increase (based on TCC from 10 um filtered (sample S2) to concentrated (sample S3) seawater,
Supplementary Information Table S8). Due to time and logistical constraints, TFF was optimized
at NU and those conditions applied at each CRO. The process could be improved towards
achieving the intended 100-fold increase at all locations through optimizing the flow rates for each
seawater source. As expected, TFF did not increase salinity (Supplementary Information Table
S7). Martin et al. (2018) previously showed that TFF does not significantly change the relative

microbial community composition, with concentrated marine bacteria communities being a good

16
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representation of the sampled environments.!” A chemical in the sea encounters a vast amount of
microbes in a short amount of time with cell concentrations in the range of 10'°-10'! TCC m™ (as
determined here), seawater turnover times in the order of 10°-10° m? s™! 3¢ and typical velocities in
coastal oceans of 0.1-1 m s™'.” For the imBSTwmr, the test chemical is therefore introduced to a
more environmentally relevant wider microbial community by increasing the bacterial numbers

used in the test.

a) Culture methods b) Flow cytometry
-
E mBSTMR imBSTHR
£ 10° 1 1 10°1 |
= e
8 I
© c
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Figure 2. Boxplot showing the effect of pretreatment on bacterial concentrations for all three test
setups. (a) Heterotrophic plate counts (determined by different culture methods) for OECD306cp
setups. (a) Total cell concentrations (determined by flow cytometry) for mBSTwmr and imBSTwmr

setups.

Chemical Classification.

The new test (imBSTwmr) was more accurate and less variable than the comparator-screening

tests, the mBSTmr or OECD306¢g (Table 1, Supplementary Information, Figures S4-13, Tables

17
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S9-16). According to the REACH biodegradability criterion in marine water, the imBSTwmr
correctly classified 70% of the reference chemicals to their respective persistence category (non-
persistent or potentially persistent) and had a coefficient of variation of 30% between tests. In
contrast, the OECD306¢g only correctly classified 48% of the test chemicals and had a coefficient
of variation of 48%. Thus, the new test method has a much lower rate of false negatives according
to the REACH criterion compared to the current test method; 41% and 62%, respectively (Table
1). Within the non-persistent chemicals, SB degraded in almost all replicates with more variable
biodegradation results for TEA and 4NP (Supplementary Information, Table S15). While the new
test increased the correct classification of SB, TEA and 4NP as non-persistent (55% + 43% based
on replicates) in comparison to the revised (36% = 55%) and current OECD 306 test (37% = 55%),
it shows that some non-persistent chemicals are still going to fail this new test. For instance, 4NP
degraded in 11% of the replicates in the new test according to the REACH criterion, but in no
replicates in the revised or OECD 306 test (Supplementary Information, Table S15). While 4NP
has been observed to fully degrade in activated sludge BSTs ’, its biodegradation in marine BSTs
has been found to be more variable.”!® This appears to be related to previous exposure to 4NP
where rapid biodegradation is observed with pre-adapted inocula.’

The variability in biodegradation results differed across CROs, test chemicals and test setups with
the lowest coefficient of variation value for SB in the OECD 306 test (5%) and the highest
coefficient of variation value for 4NP, also in the OECD 306 test (75%) (Supplementary

Information, Table S16).

Some erratic degradation behavior was observed in all three test setups for the negative control
(Supplementary Information, Figures S12-13). For the mBSTwmr and imBSTwmg, these anomalous

replicates may relate to solubility and toxicity issues associated with PCP at the test concentrations
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employed to overcome MR detection limits. The toxicity control performed at one CRO showed
an inhibitory effect of PCP at the concentration employed in the MR tests (139 mg L")
(Supplementary Information, Figure S14). PCP was the best possible choice out of over 30
chemicals investigated to find a negative reference chemical ***, but a measure of caution should
be taken when interpreting these biodegradation results. Neither, the new (imBSTwmr) or revised
(mBSTwmr) test showed any false positives under the criteria chosen for evaluation. This is
consistent with the intra-laboratory validation, where radiolabeled PCP was employed at test

concentrations below the solubility and toxicity threshold at 10 mg L.

False positives (33%) were only reported for the OECD306¢g method across CROs when using
the OSPAR persistence criterion, though based on some unusual biodegradation curves, since
often the value was a spike in all replicates at a single time point (Table 1, Supplementary
Information, Figure S13). It is unclear if this was due to the low test concentration of PCP applied,
the general increased variability of the OECD306¢s, and/or that the OSPAR criterion for

persistence is different than that used by REACH.

For all three tests, the REACH non-persistence criterion, with its higher biodegradation
threshold of 60% over 60 days, appeared to characterize the reference chemicals more accurately
and reliably than the OSPAR persistence criterion of <20% over 28 days (Table 1). Assessing the
biodegradation data based on the REACH threshold resulted not only in no false positives, but also
reduced false negative rates across all three tests in comparison to the OSPAR criterion (Table 1).
It is also worthwhile noting that within REACH a “result of >20% ThOD or DOC removal is

indicative of a potential for primary biodegradation in the marine environment”.!
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Table 1. Correct persistence assessment, false negatives and false positives in the three test setups
across CROs as evaluated against two current regulatory thresholds for the reference chemicals
according to their expected classification (Supplementary Information, Table S4). Test variation
across three tests is described by the coefficient of variation (CV) including and excluding the

negative control (for CVs per chemical, see Supplementary Information, Table S16).

Accordine fo: Current test Revised test New test
S OECD306¢s mBSTyr imBSTwr
Correct persistence assessment: OSPAR *# 42% 559% 63%
SB, TEA, 4NP are non-persistent and
. . . b c
PCP is potentially persistent REACH 48% 39% 70%
False negatives: OSPAR*® 63% 62% 50%
incorrect assessment of
SB, TEA, 4NP as potentially REACH®?® 62% °© 57% 41%
persistent
False positives: OSPAR ? 33% 0% 0%
incorrect assessment of
. REACH ® 0% ¢ 0% 0%
PCP as non-persistent
Coefficient of variation including negative control 49% 42% 35%
Coefficient of variation excluding negative control 48% 47% 30%

2OSPAR: Biodegradation > 20% over 28 days = non-persistent; biodegradation < 20% over 28 days = persistent
®REACH: Biodegradation > 60% over 60 days = non-persistent; biodegradation < 60% over 60 days = potentially
persistent 3!

¢ Test extended to 60 days in accordance with OECD 306 Closed Bottle Method § 4 and 15 2°

The synthetic polymer APAM was tested as polyacrylamides (PAMs) are highly relevant to the
marine environment. PAMs are widely used in several industrial fields such as for water treatment,
agriculture and oil recovery.*® As its biodegradability behavior is not classified in the ECHA
database, and peer-reviewed scientific reference data is lacking, reference values for the
comparison in Table 1 are not available and its degradation results are mentioned separately. For
the revised and new test, APAM did not show any degradation under the OSPAR and REACH
criteria. However, APAM was classified as non-persistent in 25% of CROs in the OECD306¢s

according to the OSPAR persistence criterion, but not according to the REACH biodegradability
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criterion (Supplementary Information, Figure S11, Table S9). These results should be evaluated
carefully considering the false positive PCP characterizations under the same assessment
conditions (OECD306¢cg and OSPAR criterion). Additionally, APAM previously showed no

degradation in BSTs and studies found PAM macromolecules resistant to microbial attack,

requiring an initial physical-chemical break-down.*#?
a) TEA descriptors b) TEA degradation
120 - 100 1
>~ |:| Current test - OECD3065
® N
< - Revised test - mBST
100 2 MR
° 3 801 |:| New test - imBSTyx
o
80 1 o
— )
% . . g 60-
o)
e 60 - o
) >
E o
= © 40+
40 4 2
e
®
20 1 ' o 207
®
o
04 14/18 17/18 7[18 16/18 7/18 16/18 — 0{ ——m8 —
L t50 dtsg 28 days 60 days 120 days

Figure 3. Example plots for triethanolamine (TEA). a) Increased cell numbers in the new test
reduce t. (time to 10% degradation), tso (time to 50% degradation) and dtso (tso — t.). Boxplot based
on mBSTmr and imBSTwmr replicates where descriptor values could be determined (indicated by
values under each boxplot) within the 120 day test period. In Figure S15, tr, tso and dtso were set
to 121 days for non-degrading mBSTwmr and imBSTwmr replicates. b) Correct non-persistence

assessment increases with longer test durations.

Extended test durations in the mBSTwmr and imBSTwmr allowed the analysis of lag phases, which

extended beyond the standard 28-day test duration. These lag phases, particularly for TEA and
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4NP, were often followed by fast and complete degradation of the test chemical (Figure 3a,
Supplementary Information, Figure S15) indicating the presence of an acclimated viable degrading
community. Acclimation is a common but poorly understood phenomenon that requires further
investigation in the context of regulatory biodegradation testing.***° In general, increased cell
numbers in the new test resulted in shorter and more consistent lag periods (Supplementary
Information, Tables S10-S13).

The probability of observing degradation increased with time so that for those chemicals that
have previously shown variable biodegradation results, 4NP and TEA, the 120-day duration gave
a more reliable characterization of the persistence category for a given chemical than the 60 and
28-day duration test (Figure 3b, Supplementary Information, Tables S11-S12). There was a
positive relationship between TCC and biodegradation potential (Pearson correlation, P(4NP) and
TCC 0.83, P(TEA) and TCC: 0.65 with p<0.01). However, the greatest rates and extents of
degradation were not necessarily observed at the CROs with the highest cell concentrations,
suggesting that cell concentration is not the only factor influencing the degradation potential of an
environmental sample. Indeed further research is needed to investigate how microbial diversities
at different sampling locations affect biodegradation test outcome. Microbial community analysis
of seawater samples collected prior test setup and post 120 day incubation in the ring test will be

subject of a separate publication.

Test system performance, anomalies, caveats and data quality checks.

For the OECD306cg, seawater ageing allowed the test to run past 28 days without oxygen
limitation occurring (blank BOD under 30% %°; Supplementary Information, Figure S16). It should
be noted that these results are not based on a time series but on only one sacrificial triplicate

measurement past 28 days at day 60. Blank readings for the mBSTwmr and imBSTmr were within
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the 60 mg L' 28 days threshold defined in OECD 301F (Supplementary Information, Figure S17).
2 In closed system MRs, blank respiration remained under 60 mg L over 120 days for all CROs
except for CRO A in the imBSTwmr setup. Interestingly, higher blank oxygen consumptions were

recorded for the oxygen replenishing MRs (CRO K and M) than in for the closed system MRs.

Incubator temperatures for all tests were within 20 = 2°C.2° However, at 7/9 CROs, temperature
increases over 22 °C were detected in MR bottle contents after 120 days, probably caused by
residual heat from the stirring motion in the MRs or from the stirring platforms on which they sit
(Supplementary Information, Figure S18). The water bath operated CES respirometer showed the
lowest temperature increase (mean 20.1 + 0.2 °C). The use of water baths instead of incubators,

reducing stirrer speed, or incubation temperatures may help to mitigate such variation.

Out of 528 sacrificial OECD306¢cB bottles, 18 bottles were excluded from the analysis at
CRO F with biodegradation values >120% and systematic anomalous results in all batches on day
7 (Supplementary Information, Figure S19). Out of 205 started MR units (mBSTwmr 100, imBSTwmr
105), eleven units were not included in the analysis (Supplementary Information, Figure S19). At
CRO I, two OxiTop units stopped working as batteries ran out of power within the first week. At
the first CRO C, all PCP units were excluded as the chemical was added at concentrations under
the detection limit. Three units in oxygen replenishing MR systems were excluded with
biodegradation values over 120% (Supplementary Information, Figure S20). To reliably assess the
mBSTwmr and imBSTwmr in the Micro-Oxymax at CRO M, the more robust CO2 production data
instead of Oz consumption biodegradation data was included in the analysis (Supplementary
Information, Figure S21). MRs proved suitable for monitoring biodegradation in seawater, but
reliability varied depending on the system used. In general, biodegradation values over 120% in

all three tests may have been caused by bottle contamination or calibration errors and negative
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biodegradation values by test chemical inhibition or disproportionally high blank respiration (e.g.

contamination with organic debris/ protozoa).

Practical aspects of tangential flow filtration.

Concentration of bacterial cells in the ring test was performed with the previously tested and
optimized Pellicon 2 Mini TFF system (Merck, Darmstadt, Germany) !’, but other filtration
systems could also be employed for the new test as long as they do not alter the microbial
composition of the raw seawater. TFF costs vary depending on the required sample throughput
and manufacturer. The compact TFF setup as employed for the ring test costs around $15K
(including holder, tubing, fitting kit, pressure gauges, filters) with additional costs of
approximately $6K for the two peristaltic pumps. The time to increase bacterial cell concentrations
by a nominal 100-fold in seawater using TFF depends on following aspects: seawater volume to
filter (defined by test setup e.g. number of test chemicals, replicates and test volume), filter surface
and seawater characteristics (e.g. pollution status, particle content). For instance, performing the
new test (imBSTwmr) with triplicate blank, positive control and test chemical would require
bacterial cells present in 300 L to be concentrated to 3 L. Filtering this water would take 5 h with
the compact “travel-friendly” ring test TFF setup (filter surface 0.5 m?, conservative permeate flow
2.2 L min' m?), but only 20 min with a bigger system at same permeate flow (e.g. Pellicon
Cassette Acrylic Holder, filter surface 5 m?). For less viscous (clearer) seawater, permeate flow
can be increased to further reduce filtration time while maintaining conditions of minimal fouling

and operating a steady process.

Regulatory Implications.
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The purpose of regulatory BSTs is to screen out those chemicals that degrade rapidly from those
that are potentially persistent. This ring test demonstrated that the new test (imBSTwmr) provides a
more robust prioritization on potential persistence than the current OECD 306, improving the
reliability of BSTs by increasing bacterial cell numbers and extending test durations (Table 2), as
suggested by previous studies.”!* 1318 This new test would provide more robust data and increase

confidence in biodegradation conclusions.

The findings of the ring test together with other research "!”!® demonstrate that increasing
bacterial concentrations is a suitable modification to improve persistence assessment for
“enhanced screening tests”, despite its recent exclusion as an accepted approach in the REACH
endpoint specific guidance."'*4 While the new test better represents the microbiome of the
sampled environment by capturing 100-fold more bacteria in the test vessel !7, it is still a
conservative screening test, being based on growth-linked biodegradation using unrealistically
high test chemical concentrations to overcome analytical constraints. In the ring test, standard
OECD 306 seawater pretreatment had a variable effect on bacterial concentrations, sometimes
increasing them by two orders of magnitude. This increase is comparable to cell concentrations in
the imBSTwr. However, in contrast to TFF !7, the incubation conditions during ageing have been
documented to apply an unnatural selection pressure and alter the microbial community
composition from that in the original seawater sample.*” The ratio of bacterial cells to test chemical
in the standard OECD 306 method were comparable to the new test given the one to two orders of
magnitude higher test chemical concentrations employed in the latter and the variable bacterial
cell concentration effects of ageing in the former. Previous studies have also shown that kinetics
in BSTs with increased bacterial cell concentrations can be indistinguishable from those in current

BSTs.” In general, it should be highlighted that bacteria to test chemical ratios can vary greatly in
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concentrations varying by two orders of magnitude.

existing OECD BSTs with cell concentrations varying by five orders of magnitude and chemical

20,29

Table 2. Advantages and disadvantages of using the new test (imBSTwmr) to screen for non-

persistent chemicals in seawater (in comparison to the OECD306¢g).

Advantages

Disadvantages

Increased reliability: New test is more
reliable and less variable in screening for
non-persistent or potentially persistent
chemicals than OECD 306¢g method
(based on tested reference chemicals);
effective persistence assessment saves
costs and reduces potentially unnecessary
animal testing '%;

Regulatory acceptance: MRs are already
accepted by regulators to monitor
biodegradation for the OECD 301F 2’
some CROs already have MRs available
and are familiar with their use;

Extended test durations: Headspace
(and oxygen replenishing mechanisms) in
MRs reduce oxygen limitation, render
seawater ageing unnecessary and allow to
extend test durations beyond 28 days;
Reduced maintenance: Once MRs are
setup, biodegradation measurements can
be recorded continuously and
automatically;

Increased environmental relevance:
While both, ageing (OECD306¢g) and
TFF (new test) increased cell
concentrations up to two orders of
magnitude in the ring test, TFF has been
shown previously to not alter the
microbial community significantly 7, in

comparison to ageing;*’

Higher test chemical concentrations:
MRs are less sensitive than dissolved
oxygen measurements in OECD306¢g;?
More seawater required: CROs have to
collect 100-fold more seawater for the cell
concentration step (note however, that less
seawater is required to run non-destructive
MR units than sacrificial OECD306cg
bottles);"

Investment: CROs need to invest in a
filtration system (and potentially MR
units) and familiarize themselves with the
equipment;®

Testing poorly soluble and/or volatile
chemicals: To expand on the scope of
chemicals tested in the new test,
modifications for poorly soluble
chemicals as described in OECD 301
Annex I1I and by other methods 4+
might be necessary; some MR systems
with plastic components might not be
suitable to test volatile hydrocarbons due
to abiotic losses’’;

@ Radiolabeling could allow testing at lower test chemical concentrations; ® Seawater

concentration could be performed at specialized facilities located near to the sea
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To avoid the cost and animal welfare implications of additional potentially unnecessary testing,
it is crucial to reduce the variability, and thus number of false negatives in current first tier BSTs.”
Within the integrated testing strategy for persistence assessment, the new test (imBSTwmr) could sit
at a tier lower than the more complex, costly and time-consuming simulation tests (OECD 307,

308 and 309 31).

Better guidance is required on interpreting prolonged lag phases followed by quick degradation
observed in the ring test and other marine studies.!®>!>? It should be investigated whether these
long lag phases are likely to occur during the degradation of chemicals in the sea or whether they
are artefacts of the stringent but less environmentally relevant physico-chemical conditions in
BSTs. In the absence of such comparisons, the new test offers a practical and economical means
to improve the screening of chemicals likely to end up in the marine environment as part of the

current persistence assessment testing strategy.
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ABBREVIATIONS
4NP 4-nitrophenol
APAM anionic polyacrylamide
BOD biological oxygen demand
BST biodegradation screening test
CRO contract research organization
Cv coefficient of variation
DO dissolved oxygen
dtso = ts0-tL
FC flow cytometry
HPC heterotrophic plate counts
ITS integrated assessment and testing strategy
imBSTwmr:

with manometric respirometers
mBSTwmr:

respirometers
MR manometric respirometer
NaOCl sodium hypochlorite
NU Newecastle University
NWP normalized water permeability
OECD306cg: OECD 306 Closed Bottle Method
PAM polyacrylamide
PCP pentachlorophenol
SB sodium benzoate
SOP standard operating procedure
tso time to reach 50% degradation
T temperature
TCC total cell counts

new “improved” marine biodegradation screening test measuring biodegradation

marine biodegradation screening test measuring biodegradation with manometric
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Methods M1: Test protocol modifications in the imBSTwmr from the pre-validated marine

erBST.

The new test (imBSTwmr) was based on a previous intra-laboratory validated marine

environmentally relevant BST (erBST) !, but differed in following aspects to incorporate

recommendations from stakeholders and other studies:'

Terminology: While the microbiome in the erBST and imBSTwmr aims to better represent
the samples environment, other BST conditions still do not represent the environment
well e.g. high test chemical concentrations and high incubation temperatures.
Consequently, the terminology “environmentally relevant” was replaced with
improved/new for the imBSTwmr.

Biodegradation measurement: To overcome potential biodegradation underestimations
in OECD 301B tests ', the imBSTmr monitored biodegradation with MRs in a
modified OECD 301F test.

TFF: In the imBSTwmr, the TFF protocol was optimized to incorporate an additional
filtrate pump to reduce membrane wall pressures. No backflushing was performed to
preserve membrane integrity.

Test chemicals: Due to equipment and licensing limitations at CROs, test chemicals were
not radiolabeled (!*C) in the ring test. Higher test chemical concentrations were
employed in the new and revised MR test in comparison to the pre-validation study.' In
MR tests, chemical stock solutions were prepared with seawater instead of OECD
mineral medium to circumvent seawater dilution in the test vessel (of bacterial cell

concentrations and salinity).! However, it should be noted that the high salt
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concentrations in seawater can modify the solubility and related properties of some

organic chemicals.’

Test medium: Phosphate nutrient additions (OECD mineral medium solution a) in the
MR tests followed the OECD 301F protocol 8 and were 10 x higher than in the pre-
validation study which followed the OECD 306 recipe.'” The OECD guidelines do not
explain this difference, but the OECD 306 method probably requires less phosphate due
to the natural buffering capacity of seawater '° and lower test chemical concentrations
employed. To account for increased test chemical levels, more phosphate was added in
the MR tests. However, it should be noted that this alteration was expected to have little
or no effect as phosphate is added to excess in all OECD BSTs and no adverse effects

have been observed with increased phosphate levels in BSTs.!%!!
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83  Figure S1. Locations of laboratories participating in the ring test.
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86  Figure S2. Example tangential flow filtration setup to increase bacterial cell numbers in seawater.
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Figure S3. Correlation and linear regression between heterotrophic plate counts (measured using different
culture methods) and total cell concentrations (measured by flow cytometry) in seawater samples (S1, S2,
S3) where both measurement methods were conducted.

Note: For the following imBSTwr and mBSTwr biodegradation plots, every 20" data point was plotted for
CRO A, C, D, F, H, K, L, M (automatic recordings every 4- 7 hours) and every 3™ data point for CRO I
(manual daily recordings on weekdays). For the OECD306cg biodegradation plots, individual
measurements of the sacrificial BOD bottles are plotted together with a line representing the arithmetic
mean.
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109  Figure S6. Biodegradation of triethanolamine in the mBSTwr and imBSTwr. ** Biodegradation based on
110 CO; production instead of O, consumption.
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115  Figure S8. Biodegradation of 4-nitrophenol in the mBSTwr and imBSTwmr. * For removed outlier, see
116  Figure S20. ** Biodegradation based on CO; production instead of O, consumption.
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Figure S14. Pentachlorophenol (PCP) toxicity control with sodium benzoate (SB) for the imBSTwmr by
CRO L.
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144  Figure S16. OECD306¢g blank respiration over 60 days across CROs expressed in mg O, L' (a) and %
145  (b). Dotted horizontal line at 30% BOD (b) refers to blank threshold defined in test guideline OECD 306.°

S18



a) Closed system manometric respirometers

mBST imBST
—_
= 100+
S : : CRO A
g 80 A CROC
S SO e ST 1. 1 1 R CROD
c . :
2 CROF
© 40+
3 : : CROH
o 20+ : ; CRO|
= f 5
@ 07 : : CRO L
m T T T T T T T T T T T T T T
0O 20 40 60 80 100 120 O 20 40 60 80 100 120
Time (Days)
b) Oxygen replenishing manometric respirometers
mBST imBST
—_
= 180+
N -
S 160_
o 140
E 120+ : :
N’ . .
c 1007 : : CROK
2 80+ : :
g GO rrrrrnee AT L e oGNS AN R N CRO M
S 401
@ 204
£ o
Ay
m T T T T T T T T T

0 20 40 60 80 100 120 O 20 40 60 80 100 120

Time (Days)
146

147  Figure S17. imBSTwr and mBSTwr blank respiration in closed manometric respirometer systems (a and
148  b) and oxygen replenishing manometric respirometer systems (¢ and d). Dotted horizontal line at
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Figure S20. Outliers observed in the mBSTmr and imBSTwmr. SB: sodium benzoate. 4NP: 4-nitrophenol.
** Biodegradation based on CO; production instead of O, consumption.
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164  Figure S21. Comparison of biodegradation values calculated based on O> consumption and CO; production

165  for CRO M. SB: sodium benzoate. TEA: triethanolamine. 4NP: 4-nitrophenol. PCP: pentachlorophenol. *

166  For removed outlier, see Figure S20.
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Table S1. Instruments and methods employed at the CROs for the mBSTwyr, imBSTmr and OECD306¢s.

|

|

CRO> | A B | C | o E F G | H | 1 J K L M
mBSTMR and lmBSTMR
CES Columbus
. WTW WTW WTW WTW WTW multi- wrw | [nstrument
Manometric . . . WTW . . channel . Micro-
respirometer OxiTop OxiTop OxiTop OxiTop IS OxiTop OxiTop acrobic OxiTop Oxymax
P Control Control Control P Control Control . Control yn
respire- Respiro-
meter meter
OECD306cs
Removin Filtration Sedimen-
& Filtration Filtration oo Not Sedimen- Sedimen- Sedimen- (coarse .
coarse Filtration . . . tation and
. (11 pm) (10 pm) performed tation tation tation filter . .
particles paper) siphoning
7 days 7 davs 6 days
ageing 7 days 7 days 7 days 7 days with }rl10 10 days with
. with 3 6 days with with full with full with full with full . with full aeration
Ageing d full aeration; tion; tion; ti tion; aeration; tion; | for2h 15
conditions ays ull aeration; aeration; aeration; aeration aeration; 18.4- aeration; or2
aeration; 20°C; dark 20°C; 20°C; 18°C+ 20°C; 19‘;C' 21°C; min;
20°C; dark dark 2°C; dark dark ’ dark 20°C;
dark
dark dark
Days 0-14:
YSIDO; vSI
Days 21-28: Hach Winkler Oximeter i WTW Oxi Hach YSI WIw
DO (mg/L) YSI 58 Mettler HQ40d Titration model 1970i HQ30d Model 57 inoLab
Toledo LDO101 Method Oxi 7310
5100
SevenGo pro
DO

—: test setup not conducted. DO: dissolved oxygen.
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Table S2. Instruments and methods employed at the CROs to characterize the seawater.

CRO > A B C D E F G H I J K L M
HM-25R, . Fisher WTW pH
H WTW Orion Star HII;I ?gnaH / DKK-TOA PIIrI{écll(l)l S(ilesr?tfi:gc In(\))\]i—:I))N H Scientific Handylab Hach 340i, Orion Star
p Multi 350i Alll P Corpor- p Meter pH HQ30D PHM220 A221
mV . probe AP 115 730
ation 0503 lab pH
Total WTW
Mercury Alcohol Hach immersion Thermo Multi 3430, Alcohol
T (°C) Mgt—lr\;; 0i YSI Pro 30 thermo- thermo- CDC401 sel:ll:icol‘;l 5 glass Scientific Testo 110 HI({QZ%ID WTwW thermo-
meter meter probe thermo- Orion Star InoLab Oxi meter
meter 7310
. WTW
ID-150 Hach YSI Fisher Multi 3430 HQ40d
DO HachHQ | YSI58 DO 155, ac Hach : Scientific | T Hach Hach i 5459,
(mg/L) 40d Meter YSI 55 DO lijima LDO101 nsions Oximeter Meter Z HQ30d HQ30D WTW meter
& cte Electronics probe Sensto 5100 oe @ Inolab Oxi LBODI101r
0503 s
2 7310
2 WTW
z Multi 3430,
Mettler CM-31P, Fisher 9 WTW
anduc— WTW Toledo DKK-TOA Hach Hach Not Scientific o WIw Hach inoLab
tivity Multi 340i YSI Pro 30 S C CDC401 - J M g Conducto- HO30D Terminal YSI 3200
(mS/cm) ulti 3401 even orpor- probe sension5 measure eter s meter Q30 ermina
Multi ation 0503 “ Level 3
< Tetracon
8 325 probe
@) WTW
3 Multi 3430,
Mettler CM-31P, Hach Thermo- Fisher WTW WTW
Salinity WTW YSI Pro 30 Toledo DKK-TOA CDC401 Ha.ch balan_ce Scientific Conducto- Hach 1n0Lgb YSI 3200
(ppt) Multi 3401 Seven Corpor- robe sensionS Satorius Meter meter HQ30D Terminal
Multi ation P MA35 0503 Level 3
Tetracon
325 probe
Serial
DEV extinction . . APHA Total . . .
HPC/mL nutrient marine np. Tsrg/pt;ce;e Nfr;r;e Method viable Niar;le np. Tsrgpt;ce;e I;SaAw‘;?et? np.
agar broth Y ag g 9215 count g Y a8
bottle test

DO: dissolved oxygen. HPC: heterotrophic plate counts. np: not performed. T: temperature.
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Table S3. Chemical and physical properties of reference chemicals. All data for APAM provided by
chemical supplier SNF. Information for other chemicals obtained from PhysProp 2, except for calculated
ThCO, and ThODxu3nos values ° and chemical structures (obtained from ChemSpider '*). All chemicals
except APAM purchased from Sigma Aldrich, St. Louis, USA.

Positive control:

Variable degradation:

Negative control:

constant at 25°C
(atm-m*/mol)

1.09 x 107, est.

7.05x 10713, est.

4.15x 107, exp.

information not available

Sodium benzoate Triethanolamine 4-Nitrophenol Anionic polyacrylamide Pentachlorophenol
(SB) (TEA) (4NP) (APAM) (PCP)
CAS 532-32-1 102-71-6 100-02-7 25937-30-8 87-86-5
Formula C7H5Na02 C(,H15NO3 C5H5NO3 [C3H5N0]m [C3H3Ni‘102]1 C(,H5C150
Purity >99.0% 98% >=99% / 97%
5
: 0=hr —(CH—CH,— =——(H=—CH,— c |
Structure [ /L‘\ ] [ /L" }
7 N, 7 N Ci Cl
0 HO—/_ '\_\ n § !
o OH H Cl OH
Molecular weight 144.11 149.19 139.11 7.6 M Da 266.34
(g/mol)
14 5 0, 6 0, 4 O,
Water solubility 5.56 x 10° at 25°C, 1.00 x 10° at 22°C, 1.16 x 10* at 20°C, 100% 14 at 25°C, exp.
(mg/L) exp. exp. exp.
Vapour pressure 3.67x 107 at 25°C, 3.59 x10° at 25°C, 9.79 x 10 at 20°C, information not available 1.10 x 10* at 25°C,
(mm Hg) est. exp. exp. exp.
Henry’s law

2.45x 10°%, exp.

Log Kow -2.27, est. -1, exp. 1.19, exp. -2.34, exp. 5.12, exp.
ThODNH3 and
ThODnos 1.67 1.61 1.15 1.25 0.54
(mg O,/mg test 1.67 2.04 1.61 1.88 0.54
substance)
ThCO,
(mg CO,/mg test 2.14 1.77 1.90 information not available 0.99
substance)

est: estimated data. exp: experimental data.
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Table S4. Explanation on test chemical selection and assigned “correct” biodegradation classification to
compare the results of the standard OECD 306 test, the revised test and the new test. Note that these
assigned biodegradation classifications are not definitive as they are restricted by the quality and scope of

the evaluated data.

1,14

Assigned reference
biodegradation
classification

Previously reported biodegradation data and explanation on test chemical selection

Sodium benzoate
(SB);
rapidly
biodegradable
— non persistent

ECHA database: Readily biodegradable;'®
Comber and Holt (2010) grouped SB in bin 1 (would normally pass a BST and enhanced BST);'®
Positive control in BSTs OECD 301, 306, 310;*%°

Triethanolamine
(TEA);
rapidly

biodegradable

— non persistent

ECHA database: Readily biodegradable;'”

Recommended by regulators for testing in ring test;

Variable degradation observed in BSTs ranging from 0-100%:

oEide-Haugmo et al. (2012) found TEA to degrade 20% in 28 days in OECD 306 Closed Bottle test;'®

o Unpublished results vary from under 20% to over 60% biodegradation after 28 days for OECD 306 Closed Bottle test
(Cefas, personal communication, 2016);

o Gerike and Fisher (1979) found TEA to degrade 91-100% in 28 days in Sturm test, 97% in 42 days in AFNOR test, 96%
in 19 days in precursor to OECD 301E test, 0-2% in 14 days in MITI test and 0-9% in 30 days in Closed Bottle test;'®

4-nitrophenol
(4NP);
inherently
biodegradable
— non persistent

ECHA database: Inherently biodegradable;?

Comber and Holt (2010) grouped 4NP in bin 2 (would normally fail a current BST, but pass an enhanced BST); '

Previously tested during intra-laboratory activated sludge and marine BST validation;?!

Variable degradation observed in BSTs ranging from 0-100%:

oNyholm and Kristensen (1987) found 4NP to degrade in OECD 306 Closed Bottle tests 38% in 28 days and 0-64% in 60
days; 4NP degraded in OECD 306 Shake Flask tests 35-54% in 28 days and 0-100% in 60 days (results from OECD 306
ring test 1984-85);22%

oOtt et al. (2019) found 4NP to degrade 3-91% in 60 days in marine OECD 301B tests with varying cell concentrations;'

oMartin et al. (2017) found 4NP to degrade 84-91% in 60 days in activated sludge OECD 301B tests with varying cell
concentrations;>!

o Gerike and Fisher (1979) found 4NP to degrade 90-98% in 28 days in Sturm test, 97% in 42 days in AFNOR test, 100% in
19 days in precursor to OECD 301E test, 1-3% in 14 days in MITI test and 0-60% in Closed Bottle test;'

No information available in ECHA database as polymers are exempt from REACH;*
Recommended by industry for testing in ring test: polyacrylamides (PAMs) are widely used in several industrial fields such
as for water treatment, agriculture and oil recovery;>

Anionic Previous research found PAM macromolecules resistant to microbial attack, requiring initial physical-chemical break-
polyacrylamide down;?0%7
(APAM); no Unpublished biodegradability data shows no degradation for OECD 306 Closed Bottle test, marine BODIS test or Zahn
reference Wellens test (SNF, personal communication, 2018);
biodegradation Variable degradation reported in unpublished imBSTy-similar industry study with 100-fold increased bacterial cell
classification concentrations from seawater measuring O, consumption with MRs and 400 mg/L APAM (Equinor, personal
assigned communication, 2016):
oStudy 1, April: over 20% biodegradation measured in 120 days;
o Study 2, November: no biodegradation detected in 90 days;
Due to a lack of peer-reviewed reference literature for APAM, it was not possible to assign a “correct” biodegradation
classification; consequently, APAM results in the ring test were discussed separately to data of SB, TEA, 4NP and PCP,
Not registered under REACH 2, but the Finish Environment Institute (SYKE) database indicates potential persistence based
on BST results;?
Comber and Holt (2010) grouped PCP in bin 3 (should normally fail a BST and enhanced BST);'®
Previously tested during intra-laboratory activated sludge and marine BST validation;"?'
Variable degradation observed in different biodegradation test, depending on PCP concentration and adaptation:
o Ott et al. (2019) found radiolabeled PCP at 10 mg/L to not degrade (0-1%) in 60 days in marine OECD 301B tests with
varying cell concentrations;'
Pentac(lll)lgg;?henol oMartin et al. (2017) found radiolabeled PCP at 10 mg/L to not degrade (0-1%) in 60 days in activated sludge OECD 301B
potentially tests with varying cell concentrations;?'
persistent o Lapertot and Pulgarin (2006) found PCP to not degrade (0%) in 28 days in inherent test OECD 302B, but concluded that

this may have been the result of substrate inhibition;*’

olIngerslev et al. (1998) observed PCP degradation in shake flask simulation tests in unadapted systems only after long
acclimation phases (14-85 days in river water tests), but PCP degradation rates increased in adapted systems; no or little
degradation was observed at inhibitory PCP concentrations above 20 mg/L, but PCP degraded quickly (tso = 3-10 days) at
concentrations under 2.5 mg/L;*!

Toxicity *!*? and low solubility concerns; however, PCP was most suitable negative control after screening 34 potential

compounds proposed from regulators and recommendations from previous report;'®3
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184  Table S5. Chemical and test strategy. Overview of the test setups and chemicals tested at each anonymised
185  CRO, labelled CRO A-M. The total number of each test method, per chemical, is included in the last row
186  of the table.

OECD306cB mBSTwmr imBSTwmr
< < <

A X X X X X X X X
B X X X X X X
C X X X X X X X X X X X X X X X X X X
D X X X X X X X X X X
E X X X X X X
F X X X X X X X X X X X X X X
G X X X X X X
H X X X X X X X X X X X X X
1 X X X X X X X X X X X X
J X X X X X
K X X X X X X X X X X X X X X X X
L X X X X X X X X X X X X
M X X X X X X X X X X
Total: |9 9 9 9 8 7 9 8 6 7 4 9 9 9 6 7 4 9

187  B: blank. SB: sodium benzoate. TEA: tricthanolamine. 4NP: 4-nitrophenol. APAM: anionic
188  polyacrylamide. PCP: pentachlorophenol.

189

190
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191  Table S6. Oxygen available in the OECD306¢g and closed system MR systems.

Assumptions

about 8.1 and 7.4 mg/l, respectively.” ?

—  “At 15°C and 20°C and 32 parts per thousand salinity (ocean water), the solubility of dissolved oxygen is

— OECD306c¢s: fill volume 300 mL, no headspace, incubation temperature 20°C;
—  mBSTwmr and imBSTwr: fill volume 250 mL, headspace 260 mL, incubation temperature 20°C;

—  For the imBSTmr and mBSTwgr, calculations are only relevant for closed MR systems (OxiTop), as the other
MR systems (CES respirometer and Micro-Oxymax) replenish oxygen immediately after consumption;

—  Molecular mass O2: 32 g/mol; 21% O; in air; ideal gas at 20°C, 1 atm: 24.04 L/ mol;

OECD306cs:

mBSTwmr and imBSTvr

O, in liquid phase:
0.3 Lx7.4mgO0,/L=2.22mgO0,

0O in headspace: /

Total Ozin OECD306cs bottle:
2.22mg O+ 0mg O, =
2.22 mg O2

0, in liquid phase:
0.25 L x 7.4 mg O,/L=1.85mg O,

O, in headspace:
Volume O, in headspace: 0.26 L x 0.21 =0.055 L Oy;
n(02) = 0.055 L O + 24.04 L/mol = 2.29 x 103 mol O,

m(02) = 32 g/mol x 2.29 x 103 mol 0, =7.33x 102 g
=73.28 mg O,

Total Oz in imBSTmr or mBSTwmr bottle:
1.85 mg O, + 73.28 mg O, =
75.13 mg O:

75.13 mg Oz +2.22 mg O, =33.84
In this study, MR test setups provide at least 34-times more O than the OECD3 065 test setup.

192
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193  Table S7. Raw and processed seawater characterization. CRO A and I used seawater collected and processed from the same source. All analysis
194 except TCC performed by CROs (methods see Table S2). Temperature measurement S1 does not always represent original seawater temperature.

Description CROA | CROB | CROC | CROD | CROE | CROF | CROG | CROH | CROI | CROJ | CROK | CROL | CROM
Collection date
1.06.1 0317 i i 30051 1.05.17 i 23.05.1 041 2.06.17 i 240417 | 14.03.1
ORCDI06s 01.06.17 i 09.03.17 30.05.17 | 01.05.17 | 23.0517 i 06.04.17 02.06.17 04.17 03.17
llection dat
Collectiondate 7 3 17 ¢ 1 070317 | 080517 | 010517 i | 040417 < 24.0417 | 14.03.17 | 14.08.17
MR tests O
Depth (m) 6 3 nr. 10 2 10 50 nr. o) 10 nr. 60 0.5
. Q
| Distance 40-50 45 67 300 100 250 5000 . & 100 . . 200
collection offshore (m)
Water Clear Clear Clear Clear Clear Shgh't ly Clear Clear Clear Clear Clear Clear
appearance turbid
Date setup
14.06.17 | 150317 i — i 06.06.17 | 11.05.1 0517 | 13.0417 | i 09.06.1 4.05.17 ¢ 21.03.1
OECD06e 06.17 | 15.03.17 06.06.17 05.17 | 30.05.17 i 13.04.17 09.06.17 i 04.05.17 03.17
Dat MR
te:t: setup 310307 § P 08.03.17 i 13.0517 i i 040517 | i 060417 i 31.03.17 | i 260417 i 15.03.17 | 17.08.17
pH 8.0 78 8 8.1 79 7.40 8 770 82 738 8 79
T (°C) 104 249 18.7 178 192 9.0 220 15.6 12.0 104 149 28
DO (mg/L) 103 6.0 8 95 919 79 74 7.85 9.6 111 79 12.
L <
Raw Conductivity 24.0 44.1 453 443 46.7 45.0 np. 48.10 o 43.8 45.8 53.3 427
seawater (mS/cm) %
1) Salinity (ppt) 16.1 28.7 322 275 34.7 280 34.1 30.60 2 311 29.6 34.6 275
A Not
3
HPCx 10°/ mL 82 10 np. 0.92 0.48 0.5 2 4.5 np. 2 countable np.
b 28+ 30+ 06+ 07+ 11 75+
TCCx 105 mL | 5.4+0.4 . . .
CCx10¥mL | 54+0 0.094 021 0.49 0.034 0.07 0.04 021
pH 8.7 8 7.80 6.76 8. 8
T (°C) 191 18.7 16.00 19.7 107 0.9
10 DO (mg/T) 88 8 . . 772 . 93 83 13.4
filtered | Conductivity 245 453 48.10 o 48.4 53.5 411
seawater for (mS/cm) — — — 6
mBST,x | Salinity (ppt) 16.7 322 30.60 2 30.3 34.4 263
wn
(82) HPCx10%mL | np. 0.39 02 2.1 0.65 4 np.
countable
484 24+ 16+ 2% 04+ 0.86+ 187+ 54+
TCC x 105 mL
CCx107m 036 037 0.12 0.0094 0.02 0.12 0.12 0.15
TFF pH 8.8 7.9 7.80 < 7.1 8 76
o (]
processed | T (°C) 190 {7189 np. - np. I R TAT) RS 198 126 6.0
seawater for | DO (mg/L) 85 8.1 723 O 9 85 11.4
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196

Description CROA | CROB | CROC | CROD | CROE | CROF | CROG | cROH | CcROI | CROJ | CROK | CROL | CrROM
imBSTyr Conductivity
e DA 24.4 457 48.00 48.1 53.6 426
Salinity (ppt) 16.6 332 30.60 313 34.6 274
HPCx10YmL | 140 np. 0.19 037 49 CouNn:’;ble 20 np.
76+ 037+ 24% 3% 071+ 0.16 + 0.26 + 12+
TCCX107mL ¢y 0.041 0.096 0.035 0.0036 0.0054 0.013 0.99
pH 8.00 8 79 73 8 8.2 8.2 8.3 7.8
T (°C) 19.80 19.6 20.0 203 19.0 19.7 18.6 212 19.7
A DO (mg/L) 7.40 75 9.0 77 6.4 76 738 9 76
seawater for e
OECD306¢, | COnductivity 44.1 49.0 46.1 44.6 p. 48.8 43.6 44.6 525
(S4) (mS/cm)
Salinity (ppt) 28.50 34.7 33.1 31.0 34.1 316 31.4 315 34.4
HPC x 10 mL 10 np. 6.8 0.012 0.06 03 np. 033 10

—: test setup not conducted. HPC:

heterotrophic plate counts

. nr: not recorded. np: not performed. T: temperature. TCC: total cell counts.
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197  Table S8. Effect of pretreatment on bacteria concentrations in OECD306¢g and imBSTwmr, Coloring
198 indicates fold cell increase (green) and fold cell reduction (red) between treatment steps. CRO A and I used
199  the same seawater.

T Fold CRO | CRO | CRO | CRO | CRO | CRO | CRO | CRO | CRO | CRO | CRO | CRO
est

change A/l B C D E F G H J K L M

OECD306cB S1>84 | —— 94 np. — | 141.7 0.2 0.3 0.7 np. 1.7 25 —_—
S1->S3 | 1404 | —— | 18.8 88 _— 42 — | 1189 | —— | 233 23.7 | 160.2
imBSTmr

S2>S3 | 1562 | —— | 14.8 148 | —— | 103 | —— | 1806 | —— | 19.1 14.1 | 221.8

200  —: test setup not conducted. S1: raw seawater. S2: 10 um filtered seawater. S3: 10 um filtered and TFF

201  treated seawater to increase bacteria concentrations 100-fold nominally. S4: seawater after OECD 306
202  pretreatment (filtered/sedimented and aged). np: analysis not performed.

203

204  Table S9. Chemical degradation of reference compounds in the three test systems in respect to CROs as
205  evaluated against two regulatory persistence thresholds. Cursive brackets state the number of CROs out of
206  all CROs where the reference compound degraded in at least 2/3 replicates to pass the stated persistence
207  criteria and classify as non-persistent.

Current test: OECD306cs Revised test: mBSTmr New test: imBSTmr
Not persistent Not persistent Not persistent Not persistent Not persistent Not persistent
under under under under under under
OSPAR ? REACH® OSPAR REACH® OSPAR ? REACH®

SB | 100% (99 | 100% (7/7) | 100% (8/8) | 100% (8/8) | 100%  (9/9) | 100% (9/9)

TEA | 0% (09 | 14% (/7)) | 0%  (©6) | 17% (1/6) | 33%  (2/6) | 50% (3/6)

ANP | 11% 19 | 0% 07| 0% 07 | 0% 7)) 0% (7)) | 14% (1/7)

APAM | 25% (28 | 0% (@07 ] 0% (04 | 0% 04| 0% (03 | 0% (03)

PCP | 33% (26 | 0% oo | 0% @8 | 0% 08| 0% (8 | 0% (0/8)

208  *OSPAR: Biodegradation > 20% over 28 days = non-persistent; biodegradation < 20% over 28 days =
209  persistent **
210  °REACH: Biodegradation > 60% over 60 days = non-persistent; biodegradation < 60% over 60 days =

211  potentially persistent *3
212
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Table S10. Overview of sodium benzoate (SB) degradation in the three test systems based on replicates.
The mean biodegradation values recorded on day 28, 60 and 120 are stated. Lag phase (tr), time to reach
50% degradation (tso) and dtso (tso-tr) were only determined for the mBSTwmr and imBSTwr tests. Cursive
values state the number of SB replicates out of all performed SB replicates, which were used to calculate

the respective benchmark criteria.

OECD306cs mBSTmr imBSTmr
Mean + SD R Mean + SD R Mean + SD R
Day 28 73 £15% 27/27 73 £14% 22/22 77 +9% 26/26
Day 60 82 +£15% 21/21 77 +£15% 22/22 80 +9% 26/26
Day 120 ND 76 £20% 22/22 81 +16% 26/26
tL ND 4 +3d 22/22 2 *1d 26/26
ts0 ND 7 +£4d 22/22 4 +2d 26/26
dtso ND 3 +£3d 22/22 2 *1d 26/26

ND: not defined. R: replicate numbers. SD: standard deviation.

Table S11. Overview of triethanolamine (TEA) degradation in the three test systems in respect to
replicates. The mean biodegradation values recorded on day 28, 60 and 120 are stated. Lag phase (tv),

time to reach 50% degradation (tso) and dtso (tso-tr) were only determined for the mBSTmr and imBSTwmr
tests. Cursive values state the number of TEA replicates out of all performed TEA replicates, which were
used to calculate the respective benchmark criteria.

OECD306cs mBSTmr imBSTmr
Mean + SD R Mean + SD R Mean + SD R
Day 28 6 £7% 27/27 4 +£6% 18/18 20 +£24% 18/18
Day 60 28 +33% 20/20 24 +£25% 18/18 51 £28% 18/18
Day 120 ND 43 £31% 18/18 61 +24% 18/18
tL ND 42 +19d 14/18 32 +£20d 17/18
ts0 ND 82 +30d 7/18 50 +£26d 16/18
dtso ND 30 +21d 7/18 21 +£17d 16/18

ND: not defined. R: replicate numbers. SD

: standard deviation.
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Table S12. Overview of 4-nitrophenol (4NP) degradation in the three test systems in respect to replicates.
The mean biodegradation values recorded on day 28, 60 and 120 are stated. Lag phase (tr), time to reach
50% degradation (tso) and dtso (tso-tr) were only determined for the mBSTmr and imBSTwr tests. Cursive
values state the number of 4NP replicates out of all performed 4NP replicates, which were used to calculate
the respective benchmark criteria.

OECD306cs mBSTmr imBSTmr
Mean + SD R Mean + SD R Mean + SD R

Day 28 3 £4% 27/27 0 £1% 20/20 6 +£18% 20/20
Day 60 8 +12% 21/21 4 £13% 20/20 21 +£30% 20/20
Day 120 ND 5 £13% 20/20 38 +£36% 20/20
tL ND 73 +£38d 3/20 53 +£25d 11720

ts0 ND 39 d 1720 56 +£23d 10720
dtso ND 3 d 1/20 6 =+£3d 10720

ND: not defined. R: replicate numbers. SD: standard deviation.

Table S13. Overview of anionic polyacrylamide (APAM) degradation in the three test systems in respect
to replicates. The mean biodegradation values recorded on day 28, 60 and 120 are stated. Lag phase (tv),
time to reach 50% degradation (tso) and dtso (tso-tr) were only determined for the mBSTmr and imBSTwmr
tests. Cursive values state the number of APAM replicates out of all performed APAM replicates, which
were used to calculate the respective benchmark criteria.

OECD306cs mBSTmr imBSTmr
Mean + SD R Mean + SD R Mean + SD R

Day 28 9 £13% 24/24 0 £0% 12/12 3 +4% 10/10
Day 60 10 £11% 21/21 0 +1% 12/12 6 £6% 10/10
Day 120 ND 2 2% 12/12 8 £8% 10/10
tL ND ND 0/12 62 =+£30d 5/10

ts0 ND ND 0/12 ND 0/10
dtso ND ND 0/12 ND 0/10

ND: not defined. R: replicate numbers. SD: standard deviation.
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Table S14. Overview of pentachlorophenol (PCP) degradation in the three test systems in respect to
replicates. The mean biodegradation values recorded on day 28, 60 and 120 are stated. Lag phase (t), time
to reach 50% degradation (tso) and dtso (tso-tr) were only determined for the mBSTmr and imBSTwg tests.
Cursive values state the number of PCP replicates out of all performed PCP replicates, which were used to
calculate the respective benchmark criteria.

OECD306cs mBSTmr imBSTmr
Mean + SD R Mean + SD R Mean + SD R

Day 28 1 £2% 18/18 0 £0% 24/24 1 £4% 24/24
Day 60 13 +£18% 12/12 0 £0% 24/24 3 £8% 24/24
Day 120 ND 0 £0% 24/24 6 +14% 24/24
tL ND ND 0/24 35 +£29d 6/24

ts0 ND ND 0/24 ND 0/24
dtso ND ND 0/24 ND 0/24

ND: not defined. R: replicate number. SD: standard deviation.

Table S15. Chemical degradation of reference compounds in the three test systems in respect to replicates
as evaluated against two regulatory persistence thresholds. Cursive brackets state the number of replicates
out of all replicates where the reference compound degraded to pass the stated persistence criteria and
classify as non-persistent.

Current test: OECD306cs Revised test: mBSTmr New test: imBSTwr
Not persistent Not persistent Not persistent Not persistent Not persistent Not persistent
under under under under under under
OSPAR 2 REACH® OSPAR ? REACH® OSPAR ? REACH®

SB 100% 27/27 | 100% 21/21 | 100% 22/22 | 95%  21/22 | 100% 26/26 | 100% 26/26
TEA 4% 1726 | 11%  2/19 0% 0/18 11% 2/18 33% 6/18 | 50%  9/18
4NP 7% 2/27 0% 0/21 0% 0/21 0% 0/21 10% 220 | 15%  3/20
APAM | 25% 6/24 0% 0/21 0% 0/12 0% 0/12 0% 0/10 0% 0/10
PCP 39% 7/18 0% 0/12 0% 0/24 0% 0/24 4% 1/24 0% 0/24

2OSPAR: Biodegradation > 20% over 28 days = non-persistent; biodegradation < 20% over 28 days =

persistent **
®REACH: Biodegradation > 60% over 60 days = non-persistent; biodegradation < 60% over 60 days =

potentially persistent *3
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Table S16. Test variation per chemical across tests described by the coefficient of variation.

Current test: OECD306cB

Revised test: mBSTmr

New test: imBSTwr

SB 5% 11% 9%
TEA 55% 51% 25%
4NP 75% 69% 50%
APAM 57% 57% 36%
PCP 52% 21% 56%
Mean 49% 42% 35%
Mean excl. PCP 48% 47% 30%
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