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ABSTRACT

Marine sponges contain diverse brominated compounds as secondary metabolites and the
sponge habitat appears to enrich for a population of anaerobic dehalogenating bacteria. Hence,
there is interest in understanding how these natural and anthropogenic compo unds are
degraded in the marine environment. Compound specificisotope analysis (CSIA) is a useful tool
to monitor and to quantify the degradation and fate of aquatic pollutants. The objective of this
study was to evaluate whether reductive dehalogenation of brominated phenols by sponge-
associated bacteria, including Desulfoluna spongiiphila, can be monitored by CSIA.
Debromination of 2,6-dibromophenol to phenol by sponge-associated cultures resulted in
measurable stable carbon isotope fractionation. All sponge-associated cultures showed similar
isotopic enrichment factors (¢). The g values for two independent sponge-derived
dehalogenating cultures were -3.1+ 1.5 %o, and -3.0 + 0.3 %o, and that of sponge associated
sediment cultures -2.0 + 0.3 %o.. Thus, we demonstrate that reductive debromination of 2,6-
dibromophenol resulted in measurable carbon isotope fractionation and that CSIA can be used
to assess reductive debromination and to monitor and estimate in vivo dehalogenation in a

sponge animal.
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1. Introduction

Organobromine compounds are ubiquitous in marine sedimentary environments (Leri et al.
2010) and organic and inorganic bromine cycling is intertwined with the cycling of organic
carbon. Marine organisms produce and transform a myriad of natural organohalides (Gribble
2003; 2010), while the marine environment is also a sink for many organohalide pollutants,
including brominated flame retardants, widely used to avoid fire accidents in electronics, indoor
house-hold fabrics and even clothing (de Wit 2002; Law et al. 2006). Brominated aromatics,
such as tetrabromobisphenol A (TBBPA) and polybrominated diphenyl ethers (PBDES), are
among the most widely used brominated flame retardants (Birnbaum & Staskal 2004). Because
of their physicochemical properties, brominated compounds can accumulate in anoxic
sediments, have ecotoxicological effects, or may biomagnify in the food chain (de Wit et al.
2010; Fernie & Letcher 2010; Bartrons et al. 2012). For example, several brominated flame
retardants are thyroid and estrogen disruptors (Hamers et al. 2006, 2008). The wide use and
increasing prevalence of these brominated compounds has prompted the study of their fate and

transport in the environment.

Interestingly, the marine environment is also a particularly rich source of biogenic halogenated
compounds produced by diverse marine organisms, including sponges (Gribble 2003; 2010).
The organohalides present in marine sponges are usually bioactive, with antifouling or/and
antibiotic characteristics. Some of these organohalides resemble anthropogenic pollutants, such
as halogenated dibenzo-p-dioxins (Bowden et al. 2000) and flame retardants (Utkina et al.
2001). This long-term exposure to biogenic organohalides is believed to have supported the
evolution of reductive dehalogenating bacteria (Krzmarzick et al. 2012). Marine sponges are
some of the most prolific organohalide producers. Sponges are filter feeders, and although
microorganisms are a major component of their diet, complex sponge -specific microbial
communities thrive within the mesohyl of the sponge (Hentschel et al. 2006, 2012; Taylor et al.
2007a, 2007b; Thacker & Freeman 2012; Webster & Taylor 2012). The combined abundance of
organohalides and the high density of their associated microbes, for example in the Aplysina
aerophoba sponge, prompted Ahn et al. (2003) to determine whether sponge-associated
microbes were capable of dehalogenation. Subsequently, a novel sponge -associated bacterial
species, Desulfoluna spongiiphila, capable of organohalide respiration viareductive
debromination of tri-, di-, and mono-bromophenols was isolated (Ahn et al. 2009). A novel
reductive dehalogenase of D. spongiiphila was upregulated during respiration of bromophenols
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(Liu etal. 2017, 2020; Peng et al. 2020). Sponge-produced organchalides, thus, appear to
select for microorganisms that can utilize these compounds as a source of energy. Desulfoluna
spp. are a peculiar group of dehalogenating microorganisms active in metazoans and represent
a unique contrasting group from the other known dehalogenating bacteria. Reductive
dehalogenation of brominated phenolics has also been observed in other habitats, including
estuarine sediments (e.g., Monserrate & Haggblom 1997; Boyle et al. 1999; Watson et al. 2000;
Fennell etal. 2004; Arbeli et al. 2006), and reductive dehalogenase genes appear to be widely
distributed in marine Desulfobacterota (Liu & Haggblom 2018). There is still much to understand
about the in situ activity of dehalogenating microbes in marine and estuarine environments
(Zanaroli et al. 2015) and elucidation of the fate and transport of brominated pollutants.

Compound specific isotope analysis (CSIA) is a useful tool to monitor and to quantify the
degradation and fate of aquatic pollutants (Meckenstock et al. 1999; Sherwood-Lollar et al.
1999; Hunkeler et al. 2005). Compounds analyzed for effects of biodegradation on isotope
composition include aromatic hydrocarbons (Richnow et al. 2003; Braeckevelt et al. 2007),
methyl tert-butyl ether (Somsamak et al. 2005); organohalides such as tetrachloroethene
(Nijenhuis et al. 2005; Fletcheret al. 2011), dichloromethane (Nikolausz et al. 2006) and
polychlorinated dibenzo-p-dioxins (Ewald et al. 2007; Liu et al 2010). More recently, carbon
isotope fractionation for microbial debromination of brominated alkanes and aromatics were
published (Bernstein et al. 2013; Sohn et al. 2018; Woods et al. 2018). CSIA is based on the
different reaction kinetics of bond formed by light vs. heavy isotopes. Chemical bonds
containing heavier isotopes need more energy for cleavage than light isotopes and in either
abiotic or biological transformations. Therefore, normal isotope effects with a preferential
transformation of the 12C substrates are observed. This results in an enrichment of 13C with a
change in the C isotope ratio (3C/12C) in the remnant substrate over time. Biological
transformations commonly lead to a normal isotope effect accompanied with an enrichment of
heavier isotopes in the residual fraction of the substrate (for reviews see, Meckenstock et al.
2004; Schmidt et al. 2004; Bombach et al. 2010; Elsner 2010; Renpenning & Nijenhuis 2016).
The isotope enrichment factors can potentially be linked to specific biochemical reactions
because the extent of fractionation is linked to the degradation pathway of the target compound
and type of bonds being affected during initial cleavage (Nijenhuis & Richnow 2016).
Accordingly, CSIA represents a powerful tool for assessing biodegradation of organic chemicals
in the field.



In order to develop an approach for understanding the metabolic activities of the sponge
endomesohyl microbiota in the cycling of organohalogens in the marine environment we applied
CSIA to analyze the bromophenol substrates and dehalogenation products. We tested whether
CSIA could be used for assessing the reductive dehalogenation of brominated phenols and for
monitoring the activity of anaerobic sponge-associated bacteria, and to eventually estimate the
organohalide flux in vivo. 2,6-Dibromophenol (2,6-DBP) was used as a model compound to
assess whether temporal analysis of carbon isotopic composition during reductive
debromination by sponge derived cultures can be used to determine the isotopic enrichment
factor (€) for this process. Here we report on CSIA of brominated phenols during microbial

degradation in a marine system.

2. Materials and Methods
2.1. Chemicals

2,6-DBP used as substrate and other phenolic compounds (2-bromophenol, 2-BP; 4-
chlorophenol, 4-CP; 4-methylphenal; 2,4-dichlorophenol; phenol) used as standards were
obtained from Aldrich Chemical Co. (Milwaukee, Wis., USA) and had a minimum of 99% purity.

2.2. Origin and cultivation of reductively debrominating bacterial cultures

Anaerobic dehalogenating cultures of Desulfoluna spongiiphila strain AA1 (AAl), asponge
enrichment culture (PPS) of an unidentified sponge (presumed to be a Haplosclerida; collected
Bucco Sur, Tumbes, Peru), and a sediment enrichment culture (TS7) prepared from sediment
adjacent to a marine sponge (collected near Tuckerton, NJ) were maintained in anaerobic
minimum salts media (MSM) (Ahn et al. 2003). The enrichment cultures had been successively
transferred 1/10 (v/v) at least 10 times over the course of several years prior to setup of the
experiments. The cultures were amended with 200 uM 2,6-DBP as the electron acceptor and a
mixture of short chain organic acids (1 mM each of lactate, propionate and butyrate) as electron
donors and carbon source (Ahn et al. 2003).

2.3. Experimental set up

The dehalogenating cultures (AAL, PPS and TS7) were established in triplicate in 1 L MSM,
with respective killed controls. All cultures were amended with 200-1000 uM 2,6-DBP and a
mixture of 1-5 mM (each) lactate, propionate and butyrate under strict anoxic conditions.



Samples (1 mL and 30 mL) were taken over a time course and stored at -20 °C until analyses of

dehalogenation product concentrations and carbon isotope compaosition were performed.

2.4.In vivo sponge experiments

Clathria prolifera sponges were collected fromaLong Island Sound estuary (41° 02.55' N, 73°
30.37' W) stored in zip-lock bags filled with seawater and transported to the laboratory. Three
intact sponges were each placed in 2 L tanks filled with artificial seawater and aerated with an
aquarium air pump. To monitor in vivo sponge debrominating activity the tanks were amended
with 500 uM 2,6-DBP and maintained at room temperature. Triplicate water controls without
sponges and 500 uM 2,6-DBP were also established. Samples of water in the tank were
analyzed for 2,6-DBP, dehalogenation product concentrations and carbon isotope compaosition
of the phenols. A 1 mL sample was used for HPLC analysis to monitor concentration. Samples
for CSIA (between 10 to 100 mL) were stored at -20 °C prior to analysis.

2.5.Bromophenol Analysis

Samples were filtered (0.45 um pore size filter) prior to analysis. Concentrations of 2,6 -DBP, 2-
bromophenol and phenol were determined by high performance liquid chromatography using an
Agilent 1100 series HPLC (Palo Alto, CA) equipped with a C18 column (Spherisorb, 4.6x250
mm, particle size 5 ym; Phenomenex) with methanol/water/acetic acid (40:58:2; vol:vol:vol) as

the eluent at a flow rate of 1 mL/min and a UV absorbance detector set to 280 nm.

2.6. Compound specificisotope analysis

Samples taken from bacterial cultures and in vivo sponge experiments were stored at -20 °C
and transported to the Helmholtz Centre for Environmental Research in Leipzig, Germany for
analysis. A mixture of 2,6-DBP, 2-BP, phenol, 4-chlorophenol and 2,4-dichlorophenol (the last 2
being used as internal standards) dissolved in water was used to validate the method for
sample preparation by either solid-phase or solvent extraction. The initial experiments allowed
us to determine: 1) the best non-fractionating sample preparation method 2) the appropriate
sample concentration for CSIA according to the detection limits of the equipment; and 3) the use
of methanol to elute DBP from solid-phase extraction or dichloromethane (DCM) for solvent
extractions. After these assays (data not shown) extraction in DCM was found to be the most
suitable for CSIA. The samples (3-50 mL) were centrifuged for 20 min at 14000 x g and the
supernatant was separated and acidified with 20 uL concentrated HCI. After acidification, 0.5



mL DCM was added and mixed thoroughly by vortex. After aminimum of 10 min settling the

DCM fraction was collected with a Pasteur pipette and transferred into GC vials.

The carbon isotope composition of the phenols was measured with a GC-C-IRMS (gas
chromatography combustion isotope-ratio-monitoring mass spectrometry) system (FINNIGAN
MAT, Bremen, Germany). The system consisted of a GC unit connected to a FINNIGAN MAT
combustion unit with a water removal assembly coupled to a FINNIGAN MAT 252 mass
spectrometer (Cichockaet al. 2008). Bromophenols in the GC effluent stream were oxidized to
COz2 (at 980 °C) in the combustion interface and were transferred to amass spectrometer to
determine 3CO2/12COz2 ratios (Merritt et al. 1994; Nijenhuis et al. 2016). Bromophenols
extracted in DCM were injected into agas chromatograph (HP 6890, Agilent, Palo Alto, CA,
USA) using a split/splitless injector held at 280 °C. The split was adjusted between 1:5 and 1:20
to obtain suitable peak areas for reproducible determination of the 3C0O2/*2CO2 mass ratio. At
least 3 replicate measurements were made for each sample. For chromatographic separation, a
ZB-5 capillary column (60 m x 0.32 mm, 0.5 uym film thickness; Phenomenex Inc., Torrance,
CA) with the following oven temperature program was used: 2 min at 70 °C; 10 °C/min to 200
°C; 20 °C/min to 300 °C; and hold for 2 min with Helium as the gas carrier.

A mixture of substituted phenols (2-chlorophenol, 2-methylphenol and 2,4-dichlorophenal) in
addition to 2,6-DBP, 2-BP and phenol were tested to establish the ideal internal standards for
our samples, the detection limits and the linearity (i.e., isotope ratio obtained is independent of
the concentration of the analyte) of the isotope ratio mass spectrometer (IRMS). The GC-IRMS
detection limits for 2,6-DBP, 4-CP, 2-BP and phenol were 300, 700,400 and 900 uM,
respectively. The linearity for isotope analysis was satisfactory only in a narrow range between
500 to 1200 uM (Supplementary Information). Not all samples from the various cultures yielded
acceptable isotope measurements and these were not included in subsequent data analysis.
Samples with low concentrations out of the range where carbon isotope value are independent
of the amount where excluded from evaluation.

The isotopic enrichment factor ¢ was determined with GC-C-IRMS and used to calculate the
apparent kinetic isotope effect (AKIE) for comparison of our results with that of other C-Br
reaction of other compounds. The carbon isotope composition is reported in &-notation (%o)
relative to the Vienna Pee Dee Belemnite standard, V-PDB (Coplen 2011). 13C/*2C in the
sample was measured, Rsample, Which was then normalized to Rstandard, the 13C/12C ratio of the



standard reference material V-PDB. Carbon isotope enrichment factors were calculated
according to the Rayleigh equation (Elsner et al. 2005):

€ X (In Ct/Co) =In Ri/Ro (1)
where Ct and Co are the concentrations of 2,6-DBP at time t and time 0, respectively, Rt and Ro

are the 13C/*2C ratios in at time t and 0, respectively, and R=6 +1.

To characterize the Br-C bond cleavage of the first irreversible reaction of 2,6-DBP, AKIE values
were calculated for a particular molecular position. The AKIE for carbon for each debromination
reaction was estimated using the following equation (Elsner et al. 2010):
AKIE=1/(1+zxe(n/x)) (2)
where n is the number of C atoms of the molecule, x the number of reactive positions, and z is
the number of positions in intramolecular competition. For 2,6-DBP, n =6 for carbon atoms, x =
1 from the stepwise debromination via 2-BP to phenol as represented in Figure 1, and z = 2, the
number of positions in intramolecular competition because of the symmetrical positions (2 or 6)
available for debromination.

3. Results

3.1. CSIA of debrominating cultures D. spongiiphilaAA1l, spongeenrichment culture PPS
and sediment culture TS7

Three sponge-derived anaerobic dehalogenating cultures were compared to determine carbon
isotopic fractionation during debromination of 2,6-DBP. All cultures showed sequential
debromination of 2,6-DBP to 2BP and phenolin less than 14 days (Fig.1aand 1b). In cultures of
D. spongiiphila AA1 the 613C of 2,6-DBP became enriched from an initial value of -30 to -25.6 %o
at 79% debromination. Similarly, the 62C of 2,6-DBP in the Peruvian sponge enrichmentculture
(PPS) and the Tuckerton NJ sediment culture (TS7) was enriched from -31.1to -28.2 %o at 81%
debromination and from -30.2 to -25.4 %o at 79% debromination, respectively (Fig. 1c). The
relationships between the change in 2,6-DBP concentration and isotope composition during

dehalogenation by the three culturesis shown in Fig. 2.

The isotope fractionation of the debromination reaction could be quantified by the Rayleigh
equation. Isotopic enrichment (&) factors as well as the AKIE for each debrominating culture are
summarized in Table 1. Similar € (-3.1+ 1.5 %o and -3.0 + 0.5 %0) were observed for the two
sponge derived-cultures: AAL (Aplysina aerophoba sponge) and PPS (unidentified
Haplosclerida sponge), respectively. The culture of sponge associated sediment (TS7) exhibited
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slightly different € (-2.0 £ 0.3 %o0). The overall similar € values observed for the dehalogenating
cultures suggest that transformation of 2,6-DBP is mediated by similar mechanisms, comprising

similar steps.

3.2. Carbon isotope fractionation during debromination of 2,6-DBP by sponges in vivo
Three intact C. prolifera spongeswere incubated in aerated artificial seawater tanks, each
amended with 500 pM 2,6-DBP and monitored for debrominating activity over two weeks.
Artificial seawater tanks without a sponge were used as a control. Complete loss of 2,6-DBP
accompanied with production of 2-BP and phenol with the C. prolifera sponges was observed
within 100 to 180 hours, while the 2,6-DBP concentration remained stable in the controls. A set
of 2,6-DBP samples from one of the sponge cultures and controls were analyzed for isotope
composition (the data analyses failed or were inconclusive for the samples of the two other
sponge sets). Over the course of debromination concomitant carbon isotope enrichment in the
residual 2,6-DBP was observed from an initial *3C value of -31.1 to -29.8 %o with a standard
deviation of 0.3 %o (Fig. 3). This corresponds to an isotopic enrichment factor (€) of -5.28 +
9.52%o, which is comparable to what was observed in the anaerobic cultures (Figs. 1 and 2).
The dehalogenation products 2-BP and phenol were detected in the open tank cultures with C.
prolifera sponges, although their enrichment factors (€) were not calculated due to insignificant
shifts, lower than the analytical uncertainty for these two compounds. There was minimal loss of
2,6,-DBP in the no-sponge water column controls, and neither dehalogenation products, nor

substantial change in the 613C of 2,6-DBP were detected .

4. Discussion

Three sponge-derived anaerobic dehalogenating cultures sets showed sequential
debromination of 2,6-DBP to 2BP and phenol with measurable stable carbon isotope
fractionation (Figs 1 and 2). All sponge-associated cultures showed similar isotopic enrichment
factors (¢) (Table 1). The values observed for the dehalogenating cultures from Aplysina and
Haploscleridae sponges indicates that transformation of 2,6-DBP is mediated by similar
mechanisms, comprising similar steps. CSIA provides an approach to differentiate
transformation pathways (Elsner et al. 2005), such as in the dechlorination of tetracholoethane
(Nijenhuis et al 2005) and degradation of 1,2-dichloroethane (Hirschornet al. 2004),
tribromoneopentyl alcohol (Kozell et al. 2015) and ethylene dibromide (Kuntze et al. 2016).



In order to compare the results obtained for 2,6-DBP with those for different organohalidesiitis
useful to focus on the AKIE, to examine the isotope effect of the C-Br bond cleavage at the
reactive site. AKIE values can reflect the similarities of dehalogenating pathways of similar
microbes, by eliminating the dilution of the isotope effect of higher number of non-reactive
carbon atoms and intramolecular competition (Fletcheret al. 2011; Abe et al. 2009). Fromthe
microbiological point of view, subtle differences in AKIE could reflect microbial membrane
transport effects, enzyme location in the cell (membrane or cytoplasm), enzymatic activity, and
as recently demonstrated, growth stages and type of membranes (Gram positive vs. Gram
negative) of the microorganisms involved (Nijenhuis et al. 2005; Imfeld et al. 2008; Cichocka et
al. 2007; Renpenning et al. 2015). The AKIE values (Table 1) observed for the Aplysina and
Haplosclerida sponge-derived cultures (1.036) suggest that reductive debromination of 2,6 -DBP
by these cultures is identical. The TS7 culture, although from sponge associated sediment,
shows a different AKIE (1.024). The dehalogenating population of the sediment culture (TS7)
has not been identified, but the overall microbial community composition of TS7 differed from
the sponge associated cultures (unpublished data), suggesting that the differences in AKIE

values may be due to differences in the dehalogenating species.

The AKIE values reported for the sponge-associated culturesin this study are in agreement
within the limits for the cleavage of a C—Br bond, with a theoretical AKIE= 1.042 estimated by
using the semiclassical Streitwieser limit model (Kozell et al. 2015). Our data suggest fewer
rate-limitations prior to the bond cleavage reaction for sponge associated cultures than for the
sediment enrichment. AKIE values as high as 1.062 + 0.005 have been reported for aliphatic
brominated compounds in a nucleophilic substitution (Sn2) reaction of ethylenebromide under
alkaline conditions (Kuntze et al. 2016). Similar values, 1.038 + 0.004, were observed in the
abiotic reductive dehalogenation of triboromoneopentyl alcohol by zero-valent iron nanoparticles
(Kozell et al. 2015) and in the dehalogenation of ethylene dibromide by norpseudo B12 and
cyano B12 enzymes by dibromoelimination (Kuntze et a. 2016). The lowest AKIE value for
ethylene dibromide dehalogenation (1.0056) was reported for anaerobic microcosms
(Henderson et al. 2008). Aerobic degradation of methylbromide following an Sn2 mechanism
yielded AKIE values of 1.004 to 1.042 (Elsner et al. 2005; Miller et al. 2001), while values for
aerobic biodegradation by pure cultures of facultative methylotrophs and soil microcosms
ranged from 1.057 to 1.072 (Elsner et al. 2005). The differences in AKIE for 2,6-DBP might be
explained by the intrinsic variation in the catalysis of aromatic vs. aliphatic molecules, in which

halogen bonds of aliphatic molecules tend to be easier to break than aromatic ones.
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Some dechlorinating organisms, such as Dehalococcoides mccartyi CBDB1, are capable of
dehalogenating aromatic organobromides, including 1,2 4-tribromobenzene, and hepta- or lower
brominated diphenyl ethers (Wagneretal. 2012; Xu et al. 2014). Recently, Sohn et al. (2018)
measured isotope fractionation during dehalogenation of penta-, tetra- and tri-bromobenzenes
by cultures comprising a Dehalococcoides spp. The ¢ value for tribromobenzene debromination
was -5.5 %o. Although measurable isotope fractionation occurred during reductive
dehalogenation of highly halogenated bromobenzenes in aquatic sediments, it was minimal
probably due the high insolubility of the higher brominated compounds. Bromine isotope
analysis of brominated organic compounds is also being developed, and kinetic bromine isotope
effects have been observed for debromination of bromophenol (Bernstein et al. 2013) and
transformation of brominated ethenes (Kunze et al. 2016; Woods et al. 2018), suggesting the

application of dual carbon-bromine analysis in environmental monitoring.

The C. prolifera in vivo experiment (Fig. 3) demonstrated that dehalogenation of 2,6-DBP
occurred in the sponge with isotopic enrichment of the substrate in contrast to the control. We
hypothesize that 2,6-DBP fractionation was due to activity of sponge-associated dehalogenating
bacteria (although we cannot exclude activity also by the sponge animal), since the enrichment
of 2,6-DBP isotope composition (A3'3C) of aerated water control was negligible (A3'3C =0.2)
compared to the sponge system (Ad 13C=4.5). The sponge is compartmentalized and we expect
that the microbes capable of dehalogenation are active in anoxic sections of the animal. With
changes in the redox state of the animal we would also expect fluctuation in dehalogenation

activity.

Desulfoluna spp. are a peculiar group of dehalogenating microorganisms active in metazoans
and represent a unique contrasting group from the other known dehalogenating bacteria. Much
has been clarified regarding organochloride dehalogenation, but there is still much to
understand about the fate of natural and anthropogenic organobromides in the marine
environment. CSIA can be used to gain understanding of the mechanisms of dehalogenation by
sponge-associated bacteria. These studies used 2,6-DBP as a model, but it is feasible to
assess dehalogenation of other brominated aromatics with CSIA, such as TBBPA and PBDE,
compounds of urgent interest because of their wide occurrence and extensive production.

Future dual-element investigation of carbon and bromine may help to exclude rate limiting
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effects for more precise characterization of reaction mechanisms of biodegradation of

organohalides (Nijenhuis & Richnow 2016).

In conclusion, the reductive debromination of 2,6-DBP resulted in measurable carbon isotope
fractionation both in sponge-derived microbial cultures and in sponges in vivo. The results of
these experiments show that CSIA can be used to analyze microbial reductive debromination of
bromophenols and for detecting the activity of sponge-associated bacteriaand to estimate

debromination in a sponge in vivo.
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FIGURE 1. Sequential dehalogenation (a) of 2,6-DBP via 2-BP with accumulation of phenol as
the final product (b) and 413C values (c) obtained for residual 2,6-DBP over time. Data shown

(left to right) for dehalogenation by culture of D. spongiiphila AAl, sponge enrichment culture

PPS, and sediment culture TS7.
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FIGURE 3. Concentration of 2,6-DBP and its debromination products and §C composition of
2,6-DBP during incubation with the sponge Clathria prolifera compared to a no-sponge control.

Data shown for one sponge animal.
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TABLE 1. The isotopic enrichment factor (€) with 95% confidence intervals and the apparent

kinetic isotope effect (€ reacive) for debromination of 2,6-DBP by sponge-associated cultures AAL,

PPs and TS7
Culture E AKIE %o (E reactive)
AAl -3.1+1.5,R?=0.93 1.036+ 0.010 R?=0.78
PPS -3.0+£0.5,R?=0.99 1.036+ 0.015 R?=0.92
TS7 -2.0+0.3R2=0.934 1.024+0.0017 R2=0.99
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Supplementary Information

Reductive Debromination by Sponge-Associated Anaerobic Bacteriais Coupled to
Carbon Isotope Fractionation
Isabel Horna-Gray 2, Nora A. Lopez &, lvonne Nijenhuis ?, Youngbeom Ahn 2.,
Hans H. Richnow P and Max. M. Haggblom 2

Method optimization for isotope composition analysis

A mixture of 2,6-DBP, 2-BP, phenol, 4-chlorophenol and 2,4-dichlorophenol (the last 2 being
used as internal standards) dissolved in water was used to validate the method for sample
preparation by either solid phase or solvent extraction. The initial experiments allowed us to
determine: 1) the best non-fractionating sample preparation method 2) the appropriate sample
concentration for CSIA according to the detection limits of the equipment; and 3) the use
dichloromethane (DCM) for solvent extractions.

The carbon isotope composition of the phenolic compounds was measured with a GC-C-IRMS
(gas chromatography combustion isotope-ratio-monitoring mass spectrometry) system
(FINNIGAN MAT, Bremen, Germany). The system consisted of a GC unit connected to a
FINNIGAN MAT combustion unit with awater removal assembly coupled to a FINNIGAN MAT
252 mass spectrometer as described in Materials and Methods. Bromophenols extracted in
DCM were injected into agas chromatograph (HP 6890, Agilent, Palo Alto, CA) using a
split/splitless injector held at 280 °C. The split was adjusted to obtain suitable peak areas for
reproducible determination of the 13CO2/12CO2 mass ratio. Bromophenols in the GC effluent
stream were oxidized to COz2 (at 980 °C) in the combustion interface and were transferred to a
mass spectrometer to determine 13CO2/12COz ratios. At least 3 replicate measurements were
made for each sample. For chromatographic separation, a ZB-5 capillary column (60 m x 0.32
mm, 0.5 uym film thickness; Phenomenex Inc., Torrance, CA) with the following oven
temperature programwas used: 2 min at 70 °C; 10 °C/min to 200 °C; 20 °C/min to 300 °C; and
hold for 2 min with Helium as the gas carrier.

A mixture of substituted phenols (2-chlorophenol, 2-methylphenol and 2,4-dichlorophenol) in
addition to 2,6-DBP, 2-BP and phenol were tested to establish the ideal internal standards for
our samples, the detection limits and the linearity (i.e., isotope ratio obtained is independent of
the concentration of the analyte) of the IRMS. The GC-IRMS detection limits for 2,6-DBP, 4-CP,
2-BP and phenol were 300, 700, 400 and 900 uM, respectively. In isotope analysis stability
rather than sensitivity is sought. Therefore, the minimum concentration of the compound was
used were the accuracy and reproducibility of the stable isotope composition (613C)
measurements for 2,6-DBP, 2-BP and phenol were within acceptable limits (0.5 %o of standard
deviation). These conditions were met for all of the phenolic compounds in the range of 500 to
1200 uM, except for 2,6 DBP, for which the upper limit was 500 pM.

The detection limit for bromophenols in CSIA was between 300 — 900 pM. The initial amount of
bromophenols inoculated with the cultures was 200 uM 2,6-DBP. Furthermore, the isotope
fractionation is ideally studied between 90% to 10% of degradation, requiring that samples had
to be concentrated from 20 uM to at least 300 uM without changes to the original isotope
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composition. The detection limit for phenol (the product of dehalogenation) was 900 uM,
requiring afurther concentration.

Extraction into DCM was found to be the most suitable sample concentration method for CSIA.
The samples (3-50 mL) were centrifuged for 20 minutes at 14000 x g and the supernatant was
separated and acidified with 20 uL concentrated HCI. After acidification, 0.5 mL of DCM was
added and mixed thoroughly by vortex. After aminimum of 10 minutes settling the DCM fraction
was collected with a Pasteur pipette and transferred into GC vials.

The concentration interval was determined in which the isotope value was not affected by the
amount of target compound injected, defined as the linear range in this manuscript. To
determine the linear range of GC-C-IRMS analysis of the halophenols the amplitude and isotope
composition (& 13C/12C) values were measured at least in triplicate for each compound at
concentrations from 500 to 2500 uM (Fig. S1).

The linearity range of 4 chlorophenol and 2 bromophenol was between 2000 and 8000 mV

amplitude while carbon isotope values of phenol and 2,6 bromophenol were stable at >4000
mV amplitude.

Linearity test for & 13C/12C of 2,6-DBP, 2-BP, phenoi and 4-

-25 - CP in the GC-C-IRMS
-27 Figure S1: 6 13C/*2C values
02,6-DBP versus amplitude obtained
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©4CP of halophenols at different
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