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Abstract

The effect of polyhydroxyalkanoates (PHAs) with different composition on the reductive
dechlorination activity of a polychlorinated biphenyls (PCBs) dechlorinating marine microbial
community and on the activity of sulfate-reducing (SRB) and methanogenic bacteria (MB), were
investigated in marine sediment microcosms and compared with the main monomer, 3-
hydroxybutyric acid (3HB). Despite PHAs were fermented more slowly than 3HB, all electron donors
stimulated constantly sulfate-reduction, methanogenesis and, only transiently, PCB reductive
dechlorination. No relevant differences were observed with different compositions of PHAs.
According to electron balances, the majority of the supplied electrons (50%) were consumed by SRB
and to less extent by MB (9-31%), while a small percentage (0.01%) was delivered to OHRB. In the
studied conditions PHAs were confirmed as potential slow-hydrogen releasing compounds in marine
environment but their fermentation rate was sufficiently high to mainly stimulate the competitors of

organohalide respring bacteria for electron donors.

Keywords

Polychlorinated biphenyls (PCBs); Polyhydroxyalkanoates (PHAs); Reductive dehalogenation;

Sulfate-reduction; Methanogenesis; Marine sediments

Introduction

Polychlorinated biphenyls (PCBs) are widespread persistent organic pollutants in marine sediments,
for which a sustainable remediation approach is still lacking (Srédlova and Cajthaml, 2022). It is
known that PCBs may undergo microbial reductive dechlorination processes in marine sediments.
Microbial reductive dechlorination is an anaerobic process that converts highly chlorinated PCB
congeners into less chlorinated ones, thus promoting a partial sediment detoxification (Higgblom and
Bossert, 2003; Yu et al., 2016). Bacteria involved in PCB reductive dehalogenation are organohalide
respiring bacteria (OHRB) using PCBs as terminal electron acceptors of the respiratory chain and
hydrogen and/or acetate as electron donors (Héggblom and Bossert, 2003). However, the time scale
of microbial reductive dechlorination is usually of months/years (Payne et al., 2019; Zanaroli et al.,
2010). The process can be primed via the addition of organic substrates that upon fermentation release
electron donors for OHRB (Chang et al., 2006). One of the key points of biostimulation is to attain a
long lasting release of reducing equivalents in time, so as to lower the application costs reducing the

frequency of the amendments’ replenishment (Koenigsberg et al., 2006). Starting from these
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considerations, the use of biodegradable polymers is a promising approach for the stimulation of
OHRB. Indeed, the hydrolysis step can slow down the release of readily fermentable organic matter
over time, thus ensuring a prolonged, slow release of the electron donors used by OHRB
(Koenigsberg and Sandefur, 1999). An additional important aspect of biostimulation is the presence
of other anaerobic bacteria respiring different electron acceptors and competing with OHRB for
hydrogen, such as sulfate-reducing (SRB), methanogenic (MB) and acetogenic bacteria (AB)
(Haggblom and Bossert, 2003; Wiegel and Wu, 2000; Zanaroli et al., 2012). From a kinetic point of
view, OHRB appear to be favored thanks to their higher affinity for hydrogen compared to their
competitors (Hiaggblom and Bossert, 2003). Yet, the abundance of electron acceptors used by
competitors can favor the latter when high concentrations of reducing equivalents are supplied.
Hence, thanks to the hydrolysis step, biodegradable biopolymers could release the necessary amount
of reducing equivalents in a longer time, resulting in lower hydrogen concentration (Aulenta et al.,
2006). In this regard, PLA (polylactic acid) and sorbitol polylactate esters were successfully used to
remediate groundwater sites polluted by tetrachloroethylene (PCE) (Koenigsberg et al., 2006;
Koenigsberg and Sandefur, 1999). More recently, attention has been paid to polyhydroxyalkanoates
(PHAS), a family of microbial biopolyesters that can be produced with pure and mixed cultures using
a wide range of organic waste streams as feedstock. For instance, PHAs production was obtained
from municipal wastewaters (Morgan-Sagastume et al., 2014) and from agro-industrial by-products
such as grape pomace (Martinez et al., 2022). As for bioremediation purposes, the commercial
homopolymer poly-3-hydroxybutyrate (PHB) and PHAs heteropolymers (poly(3-hydroxybutyrate-
co-3-hydrolyvalerate)), have been proven effective in enhancing the microbial reductive
dechlorination of chlorinated aliphatic hydrocarbons in polluted groundwater in laboratory and pilot-
scale tests (Baric et al., 2014; Pierro et al., 2017). Conversely, no information is available on the effect
of PHAs on microbial reductive dechlorination processes in marine environments, where the
biodegradation of PHAs has been reported to be faster than in freshwater ecosystems (Kasuya et al.,
1998; Mergaert et al., 1994) and may thus provide electron donors at higher concentrations to OHRB
and their competitors. In addition, the anaerobic microbial community of marine sediments
profoundly differs from freshwater environments. While in the latter MB and AB are the mostly
active anaerobic microbes (Aulenta et al., 2008), in marine sediments the large amount of sulfates
favors the growth of SRB, which are potentially stronger competitors of OHRB due their high affinity
for hydrogen (Isa et al., 1986; Lovley et al., 1982; Lovley and Klug, 1983). Finally, limited
information is available on the effect of PHAs composition on their biodegradation rate in marine
environments. Indeed, it is not clear if the polymer composition can affect the hydrolysis rate,

resulting in faster or slower fermentation rate. For example, a faster hydrolysis has been reported for
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PHAs with higher content in the monomer 3-hydroxyvalerate (Kasuya et al., 1998; Mergaert et al.,
1994). Instead, studies in real seawater (Doi et al., 1992; Volova et al., 2010) as well as aquarium
tests mimicking real dynamic conditions (Thellen et al., 2008) did not show significant differences in

the hydrolysis rate of films of heteropolymers with different compositions.

The objectives of this study were: 1) to assess the suitability of PHAs as long-term, slow releasing
electron donors to stimulate the microbial reductive dechlorination of PCBs in marine sediments; ii)
to evaluate the effects of the supplemented PHAs on the main anaerobic competitors of OHRB (SRB,
MB); and iii) to identify the influence of the polymer composition on the metabolic activities. To this
aim, we investigated the effects of two PHAs with different composition (ratio of 3-hydroxybutyrate
to 3-hydroxyvalerate 75:25 and 88:12 mol %, respectively), and of their main monomer 3-
hydroxybutyrate as a rapidly fermentable control, on the reductive dechlorination activity of a PCB-
dechlorinating marine microbial culture inoculated in marine sediment microcosms. Since in closed
microcosm systems the consumption of natural electron acceptors may reduce their concentration to
levels much lower than those occurring in natural open environments, thus altering the natural
competition for electron donors between different terminal-electron accepting processes, consumed
natural electron acceptors, namely sulfate, were periodically replenished during the study to maintain

microcosms under actual site biogeochemical conditions.

Materials and methods
PCB dechlorinating culture, microcosms preparation, sampling and maintenance

A marine culture previously enriched with OHRB able to reductively dechlorinate PCBs (Nuzzo et
al., 2017a) was cultivated in anaerobic slurry microcosms prepared with sediment and marine water
collected in the Pialassa della Baiona, Ravenna, Italy. Microcosms were prepared in 100 mL glass
serum bottles with 70 mL of sediment slurry (20% w/v of sediment) under anaerobic conditions
(nitrogen gas in the headspace) and sealed with butyl rubber stopper and aluminum crimp. Under
stirring and nitrogen flow, the anaerobic slurry was spiked with a 20°000 mg-L™! stock solution of
Aroclor 1254 in acetone to a final PCBs concentration of 100 mg-kgary sediment’ and inoculated (5%
v/v) with the PCB dechlorinating culture. Microcosms were then amended with one of the following
organic electron donors (final concentration 20 mM): 3-hydroxybutyric acid (3HB) (from a 2.3 M
stock solution in sterile distilled water), poly-3-hydroxybutyrate-co-3-hydroxyvalerate having a 3-
hydroxybutyrate:3-hydroxyvalerate molar ratio 75:25 (PHBHV75) and poly-3-hydroxybutyrate-co-
3-hydroxyvalerate having a 3-hydroxybutyrate:3-hydroxyvalerate molar ratio 88:12 (PHBHVS§S)
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(both added as powder). Microcosms with no electron donors were set up as control. Each condition
was prepared in triplicates. Microcosms were incubated statically in the dark at 30°C for 89 days.
Periodic sampling (after 0, 30, 61, 75 and 89 days of incubation) was performed to analyze the volume
and the composition of the head-space gas, the concentration of SO4* in the water phase and the
concentration of PCBs in the sediment. Each electron donor was supplied at the beginning of the
incubation (day 0) and then monthly (i.e., on days 30 and 61), since 1 month was the estimated time
required to completely ferment the added PHAs (Fig. S1). In addition, consumed SOs* was
replenished periodically to bring its concentration to the initial one (2.5 g-L!) by adding a 2.1 M stock
solution of Na>SQy, in particular on days 30, 61 and 75.

Preliminary test to estimate the time required to ferment the PHAs

The CO; production was identified as index to evaluate the fermentation activities stimulated by the
PHAs. To do so, lab-scale microcosms were set-up as previously described. The stimulation effect of
the PHAs was compared to a microcosm with no amendments, labeled as control. PHAs were added
to the microcosm at the beginning of the experiment. Head-space gas was measured to monitor the
CO; production. PHAs were considered to be completely degraded when the carbon dioxide

production rate became equal to the one of the unamended control (Fig. S1) (Harrison et al., 2018).
Extraction and analysis of PCBs

PCBs in the sediment were extracted following a modified method from Rosato et al. (2020). Batch
extraction was performed overnight at 30°C and 150 rpm from 1 mL of sediment slurry, with 3 mL
of a hexane:acetone (9:1) mixture and octachloronaphtalene (OCN) (0.04 mg-L™") as internal standard.
The recovered organic phase was filtered on an Extrabond® Slica column (Scharlab, Barcelona,
Spain) and added with 10 mg of elemental copper (Sigma Aldrich, St. Luis, Missouri, USA) as
described in Riis and Babel (1999). An aliquot of the sample was placed in 1.5 mL vials for gas-
chromatography (GC) equipped with Teflon coated screw caps (LLG-Labware, Meckenheim,
Germany). The qualitative and quantitative analysis of the extracted PCBs was performed with a gas
chromatograph (6890 series II) equipped with a HP-5 capillary column (30 m by 0.25 mm), a ®Ni
electron capture detector (LECD) and a 6890 series Il automatic sampler (Agilent Technologies,
Santa Clara, CA, USA). The column was operated at the following conditions: initial temperature
60°C; isothermal for 1 min; initial temperature rate 40°C/min; final temperature 140°C; isothermal
for 2 min; initial temperature rate 1.5°C/min; final temperature 185°C; initial temperature rate
4.5°C/min; final temperature 275°C; isothermal for 5 min; injector (splitless mode), 250°C; detector
ECD, 320°C; carrier gas flow rate (N2) 1.5 mL/min; sample volume 1 pl. Aroclor PCBs, injected in
the presence of OCN, were identified as described in Fava et al. (2003) by matching the detected
5
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peaks with the chromatographic profiles of the standard PCB mixtures Aroclor 1254 and Aroclor
1242 previously characterized (Frame et al., 1996) and comparing the retention time (relative to
OCN) of each peak with those of PCBs of the same standard Aroclors analyzed under identical
conditions. Quantitative analysis of the freshly spiked PCBs and their possible dechlorination
products was performed by using the GC-ECD response factor of each target PCB congener or group
of co-eluting congeners obtained from six-points calibration curves (0.5-50 mg-L™") of Aroclors 1254
and 1242 and the weight percentage of each congener occurring in the same Aroclors reported
elsewhere (Frame, 1997). PCB concentrations were expressed as pmol of PCBs-kgdry sediment |. The
chlorination degree was calculated as average number of chlorines per biphenyl molecule, as showed

in equation 1.

umol of organic chlorine _ Y C; Xn;
umol of total PCBs »C;

) Chlorination degree =

Where C; is the molar concentration of each detected PCB congener (umol-kgdry sediment ') and 7; is the

number of its Cl substituents.
Analysis of sulfates, head-space gas and 3HB

Gas production in the microcosms was measured with an airtight syringe while its composition in
CHa, CO2, N2 and Oz was analysed with a uGC (model 3000 A — Agilent Technologies, Milano, Italy)
under the following conditions: injector temperature 90 °C; column temperature 60 °C; sampling time
20 s; injection time 50 ms; column pressure 25 psi; run time is 45 s and the carrier gas was nitrogen.
The concentration of SO4* in the water phase of the sediment slurry was determined using a Dionex
ICS-1000 ion chromatograph equipped with an IonPac AS14 4 mm x 250 mm column, a conductivity
detector combined to an AERS-500 suppressor system (Dionex, Sunnyvale, CA, USA). Quantitative
analysis were performed by using the conductivity detector response factor obtained from a five
points calibration curve (0.5-50 mg-L!) of Na,SO4. 3HB was determined by HPLC-RID equipped
with a Varian Hi-Plex H column (300 x 7.7 mm), under the following conditions: mobile phase,
sulfuric acid 5 mM; flow rate, 0.6 mL/min; operating temperature, 65°C. For statistical analysis of
headspace gas data and reduction of the chlorination degree, normality of the data distribution was
tested using Shapiro-Wilk’s test and significant differences were tested using two tailed t-test and
0.05 as significance threshold. R statistical software (https://www.r-project.org/) was used to perform

statistics.

Electron and mass balances
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The electrons equivalents supplied by each electron donor were calculated considering the moles of
electron donor supplemented and its composition (i.e., the molar ratio of the monomeric units present
in the two PHBHYV polymers) and the stoichiometry of the chemical equations reported below (eq. 2,
3 and 4), assuming the complete oxidation of electron donors to CO> by fermenting communities

including short-chain fatty acids oxidizing syntrophic bacteria (Leeson et al., 2004):

2) 3-hydroxibutyricacid  C,HgO; +5H,0 — 4C0, +9H,
3 3-hydroxyvalericacid = CsHq03 +7 H,0 - 5C0, +12H,
4 Hydrogen H,—> 2HY+2e”

The moles of electrons consumed by each metabolism were calculated considering the moles of
electron acceptor reduced (i.e., moles of SO4> reduced to H>S for SRB; moles of organic Cl removed
from the PCB mixture for OHRB) or of reduction product generated (i.e., moles of CH4 produced
from CO> reduction for MB), and the corresponding electrons required for the reduction of one mole
of electron acceptor (8 electrons for SO4* reduction, 2 electrons for PCB reduction and 8 electrons
for methanogenesis). It has to be considered that PHAs are not directly used as reducing agents, but
they are initially hydrolyzed and subsequently fermented to acetate and hydrogen, which act as the
main electron donors for anaerobic respiring metabolisms (Amanat et al., 2021; Aulenta et al., 2008).
The two main pathways, using Hz or acetate, supply the same reducing power. In particular, CH4 can
be produced: 1) by acetoclastic methanogens, which directly convert acetate to CH4 and CO: (eq. 5);
i1) via syntrophic acetate oxidation to CO2 and H> (eq. 6), subsequently converted to methane (eq. 7)
(Conrad, 2020). In both routes, one mole of methane is produced from one mole of acetate, which

supplies 8 electrons.

(5) acetoclastic methanogenesis C,H,0, - CH, + CO,
(6) syntrophic acetate oxidation C,H,0, +2H,0 - 4H, +2 (O,
(7) methanogenic conversion C0,+4H, » CHy +2H,0

Similarly, sulfate reducing bacteria can use hydrogen (eq. 8), as the product of syntrophic acetate
oxidation (eq. 6), or directly acetate (eq. 9) as electron donors, requiring 8 electrons in the reduction

process (Liamleam and Annachhatre, 2007).

(8) sulfate reduction via hydrogen 4 H, + SO;~ +2H* - H,S+ 4 H,0
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(9) sulfate reduction via acetate C,H,0, + S0~ +2H" > H,S+ 2C0,+ 2 H,0

The stimulation yield (%) was calculated as the ratio between the moles of electrons consumed by
each metabolism and the moles of electrons provided by the electron donor, multiplied times 100. It
has to be noted that reducing equivalents can accumulate in the form of acetate, not being furtherly

metabolized by anaerobic respiring bacteria (Aulenta et al., 2008; Liamleam and Annachhatre, 2007).
Chemicals

Aroclor 1242, Aroclor 1254 and octachloronaphtalene were provided by Ultra-Scientific. Inorganic
ions for IC analysis, 3-hydroxybutyric acid and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) with
25 mol% 3 HV units (PHBHV75, powder, custom grade) and with 12 mol% 3 HV units(PHBHVSS,
powder, custom grade) were supplied by Sigma Aldrich. Acetone and hexane (both for pesticide
analysis in capillary column GC systems) as well as the ultra-resi analyzed water for ion

chromatography were supplied by Mallinckrodt-Baker.
Bacterial DNA extraction, 16S rRNA gene amplification and sequencing

Approximately 300 mg of sediment samples taken from the inoculated sediment at the beginning of
the experiment (0 day) and from all the microcosms at the end of the experiment (89 days) were used
for characterization of the microbial community. The marine culture previously enriched with OHRB
able to reductively dechlorinate PCBs used as inoculum was also analyzed. DNA extraction was
performed using DNeasy PowerSoil Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions. Extracted DNA samples were quantified using Qubit 3.0 fluorimeter (Invitrogen,
Waltham, MA, USA) and stored at —20 °C until further processing. The V3-V4 hypervariable region
of the 16S rRNA gene was PCR amplified in 50 uL final volume containing 25 ng of microbial DNA,
2X KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland), and 200 nmol/L of microbial 341F
and 785R primers carrying [llumina overhang adapter sequences (Klindworth et al., 2013). Thermal
cycle was set as follows: 3 min at 95°C, 25 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C, and
a final 5-min step at 72°C (Palladino et al., 2022). PCR products were purified using Agencourt
AMPure XP magnetic beads (Beckman Coulter, Brea, CA, United States). Indexed libraries were
prepared by limited-cycle PCR with Nextera technology and cleaned-up with the same magnetic
beads protocol. Libraries were then normalized to 4 nM and pooled, prior to denaturation with 0.2 N
NaOH. Sequencing was performed on Illumina MiSeq platform using a 2 % 250 bp paired-end

protocol, following the manufacturer’s instructions (Illumina, San Diego, CA, United States).

Bioinformatics and statistics
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Paired-end sequenced reads were merged using the VSEARCH algorithm (v2.15.2) (Rognes et al.,
2016) and analyzed using QIIME2 (version 2022.8) (Bolyen et al., 2019). Briefly, the DADA2
(Divisive Amplicon Denoising Algorithm 2) (Hall and Beiko, 2018) plugin was used to remove noise,
chimeras, and to generate Amplicon Sequence Variants (ASVs). ASVs were taxonomically assigned
using the SILVA reference database version 138 (Yilmaz et al., 2014). Normalization by rarefaction
to the number of sequences in the sample with the least coverage was performed. Microbial
community relative abundance profiles at different phylogenetic level were obtained. Statistical
analysis was performed using the R statistical software (www.r-project.org), v. 4.0.4. Kruskal-Wallis
rank-sum test, followed by Tukey’s post hoc statistics, was used to assess significance of differences
in microbial community profiles among groups of samples. Sequence reads were deposited in the
National Center for Biotechnology Information Sequence Read Archive (NCBI SRA; BioProject ID
PRJ PRINA884891). Dataset was integrated with sequencing data from the pristine sediment,
previously obtained (NCBI SRA; BioProject ID PRINA841561, Biosample SAMN2859734).

Results and discussion

The effect of polyhydroxyalkanoates on the microbial activities in a marine PCB dechlorinating
culture was assessed by monitoring the main terminal electron accepting processes, 1i.e.,
methanogenesis, sulfate-reduction, and PCB reductive dechlorination. Methane production and
sulfate reduction were used as indicators to quantify the stimulation of OHRB competitors, while
changes in the composition of the spiked PCB mixture over time was used to assess the enhancement
of reductive dechlorination processes, i.e., OHRB. Additionally, the microbial community structure
was analyzed to assess the changes in the community composition induced by the amendments and

complement the information on the effects on metabolic activities.
Methanogenic activity

Methanogenic activity is reported in Fig. 1 as cumulative amount of methane (mM) produced over
time. In the control microcosms, the final CH4 concentration was 0.29 + 0.06 mM. A remarkably
higher CH4 production was observed when stimulating with 3HB (53.1 £ 4.5 mM). It is known that
methanogenic activities are favored in presence of high amount of electron donors, especially in
marine environments, where MB can outcompete SRB when high concentrations of reducing
equivalents are available (Isa et al., 1986). Thus, the large production of CH4 observed when feeding
with 3HB indicates a fast fermentation rate, and therefore a high production rate and concentration

of hydrogen. An additional sampling was performed in the middle of the third month of incubation
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(day 75) to better assess any changes in the microbial metabolisms rate in the month following the
periodic supplementation of electron donors. No methanogenic activities were observed in the
cultures amended with 3HB after day 75, indicating a complete depletion of the replenished fatty acid
during the first two weeks of incubation (day 75). In the microcosms amended with PHAs, a lower
stimulation of the methanogenic activity was detected (cumulative concentration 13.9 + 3.5 and 16.4
+ 2.2 mM for PHBHV88 and PHBHV75, respectively) compared to those amended with the
monomer. Moreover, a constant CH4 production was observed during the third month of incubation
(when the intermediate sampling was performed, at day 75). These data indicate a slower and
prolonged fermentation of the two polymers compared to 3HB, and thus a hydrogen release control
performed by the hydrolysis step. Furthermore, methane production did not significantly differ among
the cultures amended with the two PHAs (p-value = 0.6), indicating a similar degradation rate and

thus the lack of a significant effect of their composition on the hydrolysis step.

Sulfate reduction activity

Sulfate depletion was detected in the control microcosms only during the first month (Fig. S2) with
an average depletion rate of 0.046 = 0.001 g-L'-day!. In the following months the sulfate reduction
activity was negligible in the absence of external electron donors, possibly due to the consumption of
the majority of the indigenous electron donors. In parallel, a complete removal of sulfates was
observed in all the amended microcosms after 30 days, (Fig. S2) corresponding to an apparent average
depletion rate of at least 0.086 g-L!-day!. The complete consumption of sulfate (replenished to its
original concentration at day 30, along with the electron donors) within one month of incubation in
all the amended microcosms was confirmed at day 61 as well. The sulfate depletion rate in the
microcosms amended with the different electron donors was thus assessed more accurately during
the third month of experiment, when microcosms were sampled both two weeks (on day 75) and one
month (on day 89) after sulfate replenishment to its original concentration at day 61 (along with
electron donors). During the interval of time 61-75 days, 3HB remarkably primed sulfate reduction,
that depleted sulfate with a rate of 0.22 + 0.01 g-L'-day™! (Fig. 2). After further replenishment of the
original sulfate concentration only (day 75), negligible sulfate depletion was detected in the period
75-89 days. The absence of stimulation of sulfate reducers after day 75 is in line with the lack of CH4
production observed in the same period of incubation (Fig. 1), indicating a complete fermentation of
the monomer within 14 days. Conversely, both PHAs stimulated sulfate reduction to a lesser extent
(lower depletion rate) throughout the whole month (Fig. 2). In particular, sulfate depletion rates of

0.12+0.01 g-L"'-day ! and 0.09 + 0.04 g-L"!-day! were observed in the incubation period 61-75 days

10
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and after sulfate replenishment in the incubation period 75-89 days, respectively, in the presence of
PHBHV7S5. Similar sulfate depletion rates were detected in the presence of PHBHVSE8 (0.13 + 0.04
g-Ll-day! and 0.12 £ 0.04 g-L'-day’! in the incubation periods 61-75 days and 75-89 days,
respectively). The more constant and prolonged stimulation of SRB exerted by PHAs compared to
the monomer is in agreement with the constant methanogenic activity observed in the microcosms
amended with PHAs during the third month of incubation (Fig. 1), and further supports the conclusion
on a controlled, prolonged release of organic fermentable matter from PHAs due a rate-limiting

hydrolysis step.

PCB Reductive dechlorination

Reductive dechlorination of PCBs occurred in the unamended control, leading at the end of the
incubation (day 89) to the depletion of hexa- and penta-chlorinated congeners by 43 + 11 and 49 £ 2
%, respectively, and to the concomitant increase of concentration of tetra-, tri- and di-chlorinated
congeners (Fig. 3) with a dechlorination pattern similar to the one reported by Rosato et al. (2020)
with the same marine dechlorinating culture. In particular, PCB dechlorination in the unamended
control was negligible during the first month of incubation (0.9 =+ 0.3 % reduction of the chlorination
degree of the PCB mixture on day 30), starting from month 2 and progressively leading to a 14.4 +
1.7 % reduction of the chlorination degree of the PCB mixture at the end of the incubation (Fig. 4).

The supplementation of 3HB, PHBHV75 and PHBHV88 stimulated the onset of PCB dechlorination,
that started more rapidly during the first month leading to a significantly higher (p-values: 3HB,
0.0005; PHBHV75, 0.0002; PHBHVS8S, 0.04) decrease of the chlorination degree after 30 days of
incubation compared to the unamended microcosms (7.4 + 0.6 %, 5.3 + 1.7 % and 7.0 £ 0.5 %, in the
microcosms supplemented with 3HB, PHBHV88 and PHBHV75, respectively) (Fig. 4). However, a
similar PCB dechlorination activity, both in terms of dechlorination pattern (data not shown) and final
extent, was detected in all microcosms amended with electron donors at the end of the incubation,
when the reduction of the chlorination degree (3HB, 14.0 £ 1.4%; PHBHV88 12.4 + 1.1%; PHBHV75
15.3 £2.3%) did not significantly differ (p-values: 3HB, 0.8; PHBHV75, 0.6; PHBHVS&S, 0.2) from
that of the unamended control (Fig. 4). The stimulation effect of electron donors was thus limited to
the early growth stage of the OHRB of the inoculated marine community and was not affected by the

use of PHAs (compared to the monomer 3HB) or their composition.

11



333

334
3
35
336
337
9
1338
339

13910
14

31

1343

40
355
4

6

45
Hrg
47

49
5360
51

361
352

56
b4
58

60
6366
62
63
64
65

Electron balances and stimulation yield

The monitoring of anaerobic metabolisms competing with organohalide respiration for hydrogen
suggested a different stimulation effect performed by the electron donors tested: the monomer
appeared to be fermented faster than the polymers, enhancing methanogenic and sulfate reducing
activities more than PHAs. Yet, no differences were identified in the stimulation of PCB reductive
dehalogenation between the different electron donors. To better understand and to compare the effects
of electron donors on the different terminal electron accepting processes, the balance between the
electrons supplied by each amendment and the electrons consumed by each metabolism was
calculated. Acetoclastic or hydrogenotrophic metabolisms were considered to consume the same
amount of reducing equivalents as reported in the Materials and Methods section. The electrons
provided by the complete oxidation to CO> of the electron donors were calculated under the following
assumptions: 1) the monomer was depleted within two weeks; ii) the heteropolymers were depleted
in one month, with a constant degradation rate. Regarding the monomer, the complete consumption
within two weeks was supported by the absence of sulfate reduction and methanogenic activities in
the interval 75-89 days, i.e., 15 days after the amendment with 3HB. To confirm the assumption, at
the end of the experiment, 3HB was re-supplied to the microcosms and the concentration of 3HB in
time was monitored, confirming its complete degradation within 8 days (Fig. S3). As for the
polymers, the degradation time was estimated considering the results of the preliminary fermentation
test (Fig. S1). Given the similar methanogenic and sulfate-reduction rates detected during the first 2
weeks (days 61-75) after PHAs supplementation and the following 2 weeks (days 75-89), PHAs were
assumed to be consumed constantly during the month, thus supplying half of the amended moles of
electron equivalents every two weeks. The stimulation yield for each metabolism was then calculated
considering the first 2 weeks after the supplementation of the amendments on day 61 (days 61-75)
and the following 2 weeks (days 75-89). The majority of electron equivalents was consumed by
sulfate reducers, with no remarkable differences between the electron donors (Fig. 5). SRB consumed
50 £ 2 % of the electrons provided by 3HB, 47 + 4 % of the electrons provided by PHBHV75 and 57
+ 10 % of the electrons provided by PHBHVS88. Conversely, MB consumed a higher fraction of the
electron equivalents provided by the monomer (31.0 + 0.9%) compared to those provided by the
polymers (13 £ 3 % and 9 + 7 % of electron equivalents provided by PHBHV75 and PHBHVSS,
respectively). Considering that MB typically have a lower affinity for hydrogen than SRB and OHRB
(Haggblom and Bossert, 2003), the lower stimulation of MB performed by PHAs compared to the
monomer is in agreement with a slower and more constant fermentation of the polymers due to the
hydrolysis step, and thus a slower release of reducing equivalents. Reductive dehalogenation

accounted for a negligible consumption of the reducing equivalents supplied by both the polymers
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and the monomer (0.01-0.02%). The supplementation of the organic matter amended to the sediment
reduced the lag-phase of dehalorespiring bacteria, possibly due to a stimulation of the indigenous
fermentative microbes. Later on, the fermentation of the indigenous organic matter started to provide
reducing equivalents in sufficient amount to meet the demand of OHRB. Such a low efficiency in
priming the reductive dechlorination of PCBs by the electron donors might be due to the relative low
amount of PCBs available as electron acceptors to OHRB (approximately 7-10 mmol) and their
lower bioavailability compared to other electron acceptors, in particular sulfate (approximately 2
mmol). Another factor that might have decreased the stimulation efficiency could be the low
concentration of the inoculated OHRB in the marine culture in respect to the typical concentration of
SRB in surface marine sediments (Leloup et al., 2007; Nuzzo et al., 2017b). Low priming efficiencies
on PCB reductive dechlorination were reported previously also with other organic electron donors.
For instance, Chang ef al. (2006) used lactate (20 mM) in river sediments as amendment for PCB
reductive dechlorination. From the data reported, stimulation yields on single PCB congeners were
in the order of magnitude of 10 %. Moreover, low efficiencies were observed also when using PHAs
to stimulate the reductive dechlorination of other chlorinated compounds, such as PCE. Aulenta ez al.
(2008) reported stimulation yields of ~ 2% on the reductive dechlorination of chlorinated solvents
with concentration of PHAs 10 times lower than in this experiment (1.5 - 2 mM). Possibly, the higher
yield obtained by Aulenta et al. (2008) compared to the one observed in this study could be due to
the higher amount of halogenated electron acceptor available (8:10> mmol) and the absence of
sulfates that prevented the strong competition of SRB. Moreover, the higher solubility and the higher
Gibbs free energy of the reduction reaction of PCE make it a more bioavailable and more effective
electron acceptor than PCBs (Chen and He, 2018; Holmes et al., 1993; Lombard et al., 2014),
sustaining higher growth rates and biomass yields (Wang et al., 2014) that might explain the higher
stimulation yields reported. Overall, the low stimulation yields obtained with electron donors in this
study suggest that the supplemented amendments provided an excess of electron equivalents, and thus
that PHAs were fermented by the marine microbial community too rapidly to stimulate efficiently
and in a selective way OHRB, leading to the stimulation of competitors with lower affinity for the
electron donor. This might be due to a very high intrinsic biodegradability of PHAs under marine
conditions, and/or to the very high surface area available to microbes of the PHAs polymers, that

were provided as fine powder.

Microbial community characterization
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The composition of the bacterial communities in the original sediment, the microbial culture used as
inoculum, the inoculated sediment at the beginning of the experiment, and all the microcosms at the
end of the experiment (89 days), was analyzed by sequencing of the V3-V4 hypervariable region of
the 16S rRNA gene. The sequencing yield per sample ranged between 90038 and 153802 high quality
reads. Family-level community profile showed that amending with 3HB and PHBHYV resulted in a
pervasive modification of the community composition (Fig. S4). Indeed, after 89 days of incubation
with 3HB, the sediment microbial community featured a significant dominance of
Dethiosulfatibacteraceae (32 + 8 %) with respect to day 0 (0.5 + 0.8 %, p-value = 0.02). This group
of bacteria is known to ferment hydroxyl-fatty acids, e.g. lactic acid (An et al., 2017; Matturro et al.,
2017), and to use thiosulfate or sulfur as electron acceptor (Takii et al., 2007). Moreover, 3HB
amended microcosms were the only ones in which sequences assigned to the acetoclastic
methanogenic Archaea genus Methanosaeta were detectable (0.7 + 0.6 %), supporting the higher
methane production observed when adding the monomer. For what concern both PHBHV75 and
PHBHVSS, at day 89 a microbial community significantly dominated by Spirochaetaceae (22 =6 %
in PHBHV75, 19 = 10 % in PHBHVSS, 0.6 £ 0.5 in day 0 samples; p = 0.03) was found, in line with
previous reports which observed an enrichment of this group when amending microbial communities
with polyhydroxyalkanoates (Matturro et al., 2018; Yang et al., 2020). Spirochaetes were addressed
as possible acetogens in an enriched microbial community able to reductively dechlorinate TCE (Ziv-
El et al., 2011) and have been reported among lineages encoding PHA depolymerases (Viljakainen
and Hug, 2021). Conversely, the control microcosms maintained a community similar to the one of
the inoculated sediments at day 0, without evident dominance at family level. For what concerns
dehalogenation, the commonly recognized group of organohalide respiring bacteria are
Dehalococcoidia, which were abundant in the inoculum (approximately 8%) and present to a lower
percentage in the inoculated sediment (0.7 = 0.5 %). After 89 days of incubation, sequences assigned
to Dehalococcoidia were found to a similar amount in the unamended control (1.3 & 0.4 %), whereas
relative abundances equal to 0.1 %, 0.2 % and 0.2 % were identified respectively when amending
with 3HB, PHBHV75 and PHBHV8S8. Considering that reductive dechlorination proceeded to a
similar extent in all the studied conditions, the amendments clearly did not stimulate directly OHRB,
but they caused a hyper proliferation of other bacterial species (namely Dethiosulfatibacteraceae and
Methanosaeta in the case of 3HB or Spirochaetaceae when amending with PHAs), thus reducing the

relative quantification of organohalide respiring bacteria.

Aspects possibly affecting PHA biostimulation efficiency
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In this experiment, PHAs were investigated as potential biostimulating agents for PCB reductive
dehalogenation in marine sediments, assessing their priming effect both on OHRB as well as on their
main competitors for electron donors. Although the majority of the electrons equivalent provided by
the heteropolymers primed the competing bacteria, the amendments partially stimulated PCB
reductive dehalogenation, specifically during the early phase of incubation. Such a limited stimulation
of dehalorespiration is in contrast with what reported in previous studies on the reductive
dehalogenation of chlorinated solvents in freshwater systems, which indicated PHAs as effective
stimulating agents. PHB was found to be an effective source of reducing equivalents in a pilot-scale
plant treating real groundwater contaminated by PCE (Matturro et al., 2018; Pierro et al., 2017). A
similar set-up was applied on a synthetic water contaminated by PCE, revealing a higher efficacy of
the heteropolymer PHBHYV in stimulating the reductive dechlorination process compared to PHB
(Amanat et al., 2022). A partial stimulation of methanogenic bacteria was observed also in this case,
but it did not negatively affect the reductive dechlorination process. The lower biostimulation efficacy
of PHA on OHRB that was observed in this study compared to data reported in the literature is
possibly due to a stronger competition by sulfate-reducing bacteria in the marine environment
compared to freshwater systems, given the much higher concentration of sulfates available and
consequently of actively growing SRB in anoxic marine sediments. As a matter of fact, sulfate-
reduction was the main metabolism stimulated by the amendments and sulfate-reducing taxa
represented an important fraction of the microbial community under all conditions tested (Fig. S4).
Considering that OHRB can outcompete SRB at low hydrogen concentrations (Hoelen and Reinhard,
2004), a higher selectivity of PHA in biostimulating OHRB may be necessary to attain biostimulation
of microbial reductive dehalogenation processes in marine environments. For instance, reducing the
fermentation rate of PHA might avoid the hyperproliferation of competitors. Fermentation rate could
be tuned by adjusting the specific surface area, being polymers degradation a surface process
(Chinaglia et al., 2018). For example, a reduction in PHA degradation rate of up to 10 times was
reported using thin films instead of polymer powder (Modelli et al., 1999). While in this study PHA
were added to the sediment as powder, resulting in a too quick fermentation and fast release of
reducing equivalents, the effects of granulometry, shape, and size (Colwell et al., 2017) on PHA
fermentation rate and ability to stimulate more selectively OHRB in the marine environment should
be further investigated. Moreover, the polymer composition could play an important role in defining
the degradation rate. Although in this study the polymer’s composition did not affect significantly its
biostimulation effects, previous studies reported a slower fermentation of PHAs according to an
increasing content of 3-hydroxyvalerate (Amanat ef al., 2022; Kaplan et al, 1994). Conversely, other
biodegradation tests reported faster weight losses for heteropolymers with higher content of 3HV
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(Kasuya et al., 1998; Mergaert et al., 1994). Considering the contradictory results reported in the
literature, the fermentation rate of PHAs (including the homopolymer poly-3-hydroxybutyrate) might
be dependent on the studied environment and further studies would be required to deepen the
relationship between the polymer’s composition and its degradation rate in different biogeochemical

contexts.
Conclusions

Polyhydroxyalkanotes were found to be fermented more slowly than the monomer 3HB by a marine
microbial community, and may thus act as potential slow hydrogen release compounds in marine
environments. The fermentation rate of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) was
apparently not dependent on its composition, in the range 12-25% mol% 3 HV. PHAs stimulated the
reductive dechlorination of PCBs only during the early phases of the incubation, while constantly
stimulated the main competitors of OHRB for electron donors, i.e., SRB and to less extent MB. This
was probably due to a high fermentation rate, resulting in high hydrogen concentrations. Hence, the
use of PHAs as slow hydrogen release compounds for the stimulation of reductive dechlorination
processes in marine environments might be promising, but further studies should optimize their use

to increase the selectivity of the stimulating agents towards OHRB.
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Figure captions

Figure 1. Cumulative methane production in the control, unamended microcosms (CTR), and in those
amended with the monomer (3HB) and PHA (PHBHV75 and PHBHVSS). Electron donors were
supplemented at the beginning of the incubation (day 0) and on days 30 and 61.

Figure 2. Sulfate depletion rate detected in the first two weeks (days 61-75) and in the following two
weeks (days 75-89) of the third month of experiment (days 61-89). Sulfate consumed during the first

two weeks was replenished to its original concentration on day 75.

Figure 3. Concentration of PCB congeners detected in the unamended control microcosm at the

beginning and at the end of the incubation (day 89).
Figure 4. Percentage reduction of the chlorination degree of the PCB mixture during incubation

Figure 5. Stimulation yields of SRB, MB and OHRB for each electron donor in the 15-day period
immediately after replenishment of electron donors (61-75 days, green rectangle) and in the following

one (75-89 days, yellow rectangle).
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Summary:

S1 (page S2) — Figure S1 - CO; cumulative production in lab-scale microcosms of marine sediments
S2 (page S3) — Figure S2 — Profile of the sulfate concentration in time in the studied microcosms

S3 (page S4) — Figure S3 — 3HB concentration in time

S4 (page S5) — Figure S4 — Analysis of the microbial community structure
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Figure S1. Cumulative CO; production in the control, unamended microcosms (CTR), and in those

amended with PHAs (PHBHV75 and PHBHVSS).

Fig. S1 illustrates the CO> cumulative production observed in lab-scale microcosms of a previous
experiment. The incubation time required to complete degrade the heteropolymers was estimated from
the gas profile. On day 37, the CO> cumulative concentrations were 4.7 + 0.1 for PHBHV75, 4.4 + 0.9
mM or PHBHVS8S8 and 0.96 + 0.06 mM for the control. A plateau in the gas production was observed
after 37 days from the addition of the heteropolymers. Thus it was speculated that in the studied condition
the polymers were depleted in less than 37 days.



39 S2

4.5
4.0
3.5
3.0 .

25 : , _
2.0 \
1.5 | |
1.0

0.5
0.0

%

l [l

Sulfate concentration (g-L7)

0 20 40 60 80 100
Time (d)
CTR —3HB —PHBHV88 —PHBHV75

40

41  Figure S2. Profile in time of the sulfate concentrations of the aqueous phase in the control, unamended
42 microcosms (CTR), and in those amended with the monomer (3HB) and PHAs (PHBHV75 and
43  PHBHVSS). Sulfates were replenished on days 30 and 61.

44
45
46
47

48

49
50

51



52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

S3

N
N

[ d
]

(S
9]

3HB concentration (mM)
=

D

0 1 2 3 4 5 6 7 8 9
time (d)

Figure S3. Profile in time of 3HB concentration in the aqueous phase in the lab-scale microcosms



69

70

71
72
73
74
75
76

77

S4

100

80

60

40

20

Pristine sediment

Inoculum

-
c
]

E

©
]
wv

o
Q
z

®
>
o
o
k=

Inoculated sediment

0days, 1
0 days, 2

Inoculated sediment

0days, 3

CTR, 89 days, 1

CTR, 89 days, 2

CTR, 89 days, 3

3HB, 89 days, 1

3HB, 89 days, 2

3HB, 89 days, 3

PHBHVS8S, 89 days, 1

PHBHV8S, 89 days, 2

PHBHV88, 89 days, 3

PHBHV7S, 89 days, 1

PHBHV75, 89 days, 2

PHBHV75, 89 days, 3

® Bacteroidetes_BD2-2

= Acetothermiia
Aminicenantales
Thermoanaerobaculaceae
® Flavobacteriaceae

Marinilabiliaceae

® Prolixibacteraceae
Caldatribacteriota_JS1
Sulfurovaceae

® Anaerolineae_uncultured

= Dehalococcoidaceae

= Desulfobacteraceae

= Desulfosarcinaceae
Desulfuromonadia_Sva1033

= Syntrophobacterales_uncultured
Desulfobulbaceae

= Desulfatiglandaceae

= Desulfocapsaceae

® Dethiosulfatibacteraceae
Clostridia_unclassified

= Pep p Ti

= Bacillaceae
Halobacteroidaceae
Candidatus_Falkowbacteria

* Thiotrichaceae

= Woeseiaceae

= Gammaproteobacteria_Incertae_Sedis
Gammaproteobacteria_B2M28

= Moraxellaceae

® Sedimenticolaceae

= Halieaceae

® Chromatiaceae

® Rhodobacteraceae
Spirochaetaceae

= Synergistaceae

= Other

Figure S4. Microbial community phylogenetic profiles at the family level of the pristine sediment,
inoculum, inoculated sediment at the beginning of the experiment (0 day) and of all the studied
microcosms at the end of the experiment (89 days). Bacterial families having relative abundance >2% in
at least 1 sample are depicted. Color legend is shown in the right panel. Black color is used to indicate
the percentage of “Other” reads, including unassigned sequences and families with a relative abundance
which did not pass the mentioned threshold.



