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The fate of microplastics (MPs) in the ocean is mostly driven by (i) photo-oxidation to smaller particles and
dissolved constituents, which fuel the dissolved organic carbon pool (plastic-derived DOC, pDOC), and (ii) in-
teractions with organic matter forming sinking aggregates (marine plastic snow). Two separate laboratory ex-
periments were conducted to investigate the two pathways of MPs. In the first experiment, we measured
potential rates of microbial pDOC utilization in bottle incubations over 15 days with microbial assemblages from
coastal and offshore waters. Microbial utilization of pDOC was more efficient in the coastal (72% bioreactive
pDOC) compared with the offshore experiment (32% bioreactive pDOC) 15 days. Changes in bacterial cell
abundance and extracellular enzyme activities (glucosidase, peptidase, esterases) indicated that a fraction of
pDOC was repackaged into microbial exopolymeric substances (EPS), stimulating growth of known EPS
degrading bacteria within the phyla Verrucomicrobiota and Planctomycetota. Microbial EPS likely also played a
key role in our second experiment that showed the formation of marine plastic snow in roller tanks with cultured
cells of Emiliana huxleyi but not with cells of an Isocrysis sp. culture. Average sinking velocities of marine plastic
snow were a factor of 1.2 lower compared with marine snow without MPs. Both aggregate types showed reduced
sinking velocities in a density stratified sinking column. Our results from the two experiments on (i) microbial
utilization of pDOC and (ii) the formation and sinking of marine plastic snow indicate potential effects of plastic-
derived compounds on microbial elemental cycles (i.e., pDOC repackaged into EPS) with consequences for the
efficiency of the biological carbon pump (i.e., marine plastic snow reduces carbon export) and the fate of plastic-
derived compounds in the ocean.

1. Introduction

Plastic contaminants in the ocean are dominated by particles of <5
mm in diameter known as microplastics (MPs), which are among the
most widespread marine pollutants by means of relative abundances
(Andrady, 2011; Stubbins et al., 2021). The mismatch between esti-
mated inputs with observations of floating plastics indicate that plastics
undergo biotic and abiotic degradation in the sea (Cozar et al., 2014;
Law, 2017). Biodegradation of plastic debris in the ocean is slow
(timescale of years) while photo-oxidation of plastics starts after days to
weeks of UV radiation, and is thus considered the most effective trans-
formation pathway of plastics in the environment (Gewert et al., 2015;
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Stubbins et al., 2021). Photo-oxidation of plastic debris results in the
release of dissolved organic carbon (plastic-derived DOC, pDOC)
composed of a broad range of molecular structures (Stubbins et al.,
2023) potentially fueling microbial food webs. The few studies on mi-
crobial interactions with pDOC demonstrate the potential of heterotro-
phic microbes to use pDOC as energy sources (Romera-Castillo et al.,
2018; Sheridan et al., 2022; Zhu et al., 2020); however, the extent of
microbial degradation of pDOC may depend on background environ-
mental factors (e.g., quality of natural DOM; Sheridan et al., 2022),
plastic sources (Zhu et al., 2020), as well as levels of plastic additives
that have been detected in marine environments at considerable con-
centrations with potential toxic effects for marine microbes
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(Hermabessiere et al., 2017; Zhu et al., 2020).

Another major loss pathway of floating MPs involves interactions
with phytoplankton aggregates (marine snow), which change the
buoyancy and thus sinking behavior of MPs (Galgani et al., 2022).
Similar to MPs, marine snow are ubiquitous in the ocean (Alldredge and
Silver, 1988; Simon et al., 2002), and sinking of marine snow-containing
MPs (hereafter referred to as marine plastic snow) is a key parameter in
global plastic inventories (Kvale et al., 2020). However, most of our
knowledge on marine plastic snow comes from laboratory experiments
with microbeads of <1 mm in size (Long et al., 2015; Michels et al.,
2018a; Porter et al., 2018), which represent only a minor fraction of MPs
accumulating in the surface ocean (Aoki and Furue, 2021).

This work contributes towards a better understanding of the two
major pathways of MPs in surface waters: (i) microbial cycling of pDOC,
and (ii) formation and sinking of marine plastic snow. For (i), we con-
ducted bottle incubations with natural microbial assemblages from two
contrasting marine environments (coastal vs. offshore) using pDOC
amendments from photo-oxidized polypropylene, i.e., one of the most
common plastics in the ocean (Andrady, 2011). In addition to changes in
bacterial abundances and community structure in response to pDOC, we
measured potential activities of extracellular enzymes using fluorogenic
substrate proxies. Enzyme assays provide insights into the relative
composition of substrates present in the investigated sample (Chrost,
1991). We targeted two esterases (oleate- and butyrate-hydrolyzing
enzymes) as potential indicators for enzymatic breakdown of plastic
polymers (Zhang et al., 2022) and other carboxylic acid-containing
compounds, which are major components of pDOC (Gewert et al.,
2015, 2018; Stubbins et al., 2023). We also measured potential activities
of glucosidases and peptidases as indicators for microbial cycling of
carbohydrates and peptides as major compounds of marine biopolymers
(Repeta, 2015). For (ii), we conducted roller tank experiments with MPs
(HDPE) and two phytoplankton cultures (Emiliana huxleyi, Isochrysis sp.)
coupled with particle sinking velocity measurements in an unstratified
and density stratified water column, to assess potential aggregation and
sinking patterns of marine plastic snow under different hydrodynamic
conditions. Collectively, the results from the two experiments reveal
new insights into microbial interactions with plastic debris in the ocean.

2. Material and methods
2.1. Microbial degradation of pDOC

2.1.1. Photo-oxidation of plastics

Leachates of photo-oxidized polypropylene (PP) were used as plastic-
derived DOC (pDOC) amendments in bottle incubations with seawater
containing natural microbial assemblages. Prior to the bottle experi-
ments, postconsumer PP was cleaned by sonication in Milli-Q, and
photo-oxidized in a solar simulator equipped with 12 UVA-340 bulbs (Q-
Panel) for 2 months at 25 °C to 30 °C, as described in Zhu et al. (2020).
The wavelengths used in the simulator approximate natural solar irra-
diance (295 to 365 nm) responsible for most environmental photo-
chemical reactions, including plastic photodegradation (Andrady et al.,
1996; Stubbins and Dittmar, 2012; Zhenfeng et al., 1996). The incuba-
tion flasks (2-L ashed spherical quartz irradiation flasks filled with 1 L of
Milli-Q) were repositioned daily to average potential spatial variation in
the light flux under the solar simulator. Following photo-oxidation, the
water was filtered through 0.22-pm filters (GVWP04700, Millipore-
Sigma) to remove PP pieces, and the filtrate was stored frozen
(—20 °C) until the beginning of the bioassays.

2.1.2. Bioassays of pDOC degradation

Water samples for pDOC bioassays were collected on the pier of the
UNH Jackson Estuarine Laboratory (43°05'45”N 70°52'08”W) located
on the shore of the Great Bay Estuary (hereafter referred to as the coastal
site), and at a site about 40 miles off the coast of New Hampshire in the
Gulf of Maine (42°51'41.04”N 69°51'41.04”W; hereafter referred to as
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offshore site) on October 18, 2021, and November 3, 2021, respectively.
Coastal water was collected below the surface with a pre-rinsed bucket.
Offshore water was taken at 1 m water depth with Niskin bottles on a
CTD rosette deployed from RV Gulf Challenger. Prior to the start of the
incubation, water samples were gravity filtered through a 1.2-pm filter
to remove larger particles and grazers, retaining most microbes in the
filtrate.

The two separate time course experiments with coastal and offshore
waters were initiated within 24 h of sampling. Six 1-L pre-combusted
Pyrex bottles were filled to the 1-L mark (total volume: 1.25 L) with
seawater from the respective site containing natural microbial assem-
blages. Two additional bottles were prepared with 1.2-pm filtered and
autoclaved seawater serving as abiotic controls. Three of the six live
bottles and one of the control bottles were amended with pDOC (7 mL
each bottle), yielding a final DOC concentration of about five times the
background levels, which were assumed to be 200 pM and100 pM for the
coastal and offshore site, respectively, at the time of sampling. The
remaining bottles (three live and one control) received 7 mL of milli-Q
instead of the pDOC amendment, thus serving as a non-pDOC control.
The bottles were incubated in a climate-controlled room at in situ
temperatures at the time of sampling (coastal: 16 °C; offshore: 13 °C)
and in the dark to prevent primary production.

Six time points were taken on days 1, 3, 6, 8, 10, and 15 of the in-
cubation. At each time point, 25 mL were removed from each experi-
mental bottle and divided into separate vials and processed for DOC,
bacterial cell counts, and hydrolytic enzyme activities as described
below. After the final time point (day 15), the remaining volume of the
replicate bottles (874 mL per bottle) were pooled and filtered onto 0.2-
pm polycarbonate filter until the filters were clogged (total volume
filtered per sample ~300 mL). Another set of 0.2-um polycarbonate
filters were prepared with the initial water from the two sites after
sampling. The 0.2-pm polycarbonate filters from the initial and the final
sampling were stored in liquid nitrogen for later analysis of microbial
community composition (16S rRNA) as outlined below.

2.1.3. DOC analysis

Twenty mL samples were filtered through 0.2-pm surfactant free
cellulose acetate (SFCA) syringe filters, acidified to pH <2 using HCI,
and stored at 5 °C prior to analysis using a Shimadzu TOC-VCPH total
organic carbon analyzer (Stubbins and Dittmar, 2012). DOC concen-
trations of the non-pDOC bottles were subtracted from those that
received pDOC, to estimate pDOC concentrations at each of the time
points. Microbial degradation of pDOC was described by a single, three
parameter exponential decay model:

DOC(t) = DOC,, 4 207 (€]

with DOC(t) = concentration of pDOC (uM) bottles at time point (t),
DOC,, = an adjustable parameter that represents the non-bioreactive
DOC component (i.e., the DOC concentration that is predicted to sur-
vive at time equals infinity), z0 = an adjustable component that repre-
sents the concentration of bioreactive DOC at time = 0, k = the rate of
decay, and t = the time (days). The relative proportion of bioreactive
pDOC was derived from subtracting DOC,, from DOC (day 1). Kinetics
parameters were computed in JMP® 16.

2.1.4. Bacterial cell counts and extracellular enzyme activities

One mL samples for bacterial cell counts were fixed with a solution of
1% paraformaldehyde and 0.01% glutaraldehyde and stored in liquid
nitrogen before enumeration using a flow cytometer (Miltenyi Biotec
MACSQuant VYB) with SYBR green as a DNA stain (Gasol and Del
Giorgio, 2000). Hydrolytic enzyme activities were determined using
four structurally distinct fluorogenic substrate proxies (Hoppe, 1983).
Three mL samples were pipetted into 4-mL acrylic cuvettes containing
substrate stock solutions of 4-Methylumbelliferyl (MUF) p-D-glucopyr-
anoside, L-Leucine-7-amido-4-methylcoumarin (MCA) hydrochloride,
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4-MUF oleate and 4-MUF butyrate as substrates for glucosidase, pepti-
dase, and two esterase enzymes, respectively. The final concentration
for all four substrates was 200 pM (i.e., enzyme saturation level). The
cuvettes were incubated in the dark at 16 °C and 13 °C for the coastal
and offshore water experiment, respectively, and for up to 24 h. Fluo-
rescence readings were taken at the beginning of the incubation and at
two to three additional time points over the course of the incubation
under buffered conditions (20 nM borate buffer; pH 10.2) using a Turner
Biosystems TBS-380 fluorometer (excitation/emission channels set to
“UV”; 365 nm excitation, 440-470 nm emission). Changes in fluores-
cence over time were used to calculated potential enzyme activities.
Fluorescence readings were calibrated using MUF and MCA standard
solutions.

2.1.5. Bacterial community analysis

Genomic DNA was extracted from 0.2-pm polycarbonate filters using
the ZymoBIOMICS DNA Microprep kit (Zymo Research, USA), following
Saidi-Mehrabad et al. (2020). Genomic DNA yield was checked with a
Qubit 4.0 fluorometer and a high sensitivity dsDNA quantitation kit
(Thermofisher USA). For amplicon sequencing, 16S rRNA genes from
the V4 region of the samples was amplified using Earth Microbiome
Primers 515F and 806R (Caporaso et al., 2012) and sequenced on a
Novaseq PE250 platform (Illumina USA). Amplicon Sequence Variants
(ASVs) were generated with DADA2 Pipeline (1.26) (Callahan et al.,
2016) in R environment. In summary, the sequence truncation length
was set to 125 bp for forward sequences and 150 bp for reverse se-
quences, which was determined based on the quality score distribution
at each base position. At the filtering step, no “Ns” were allowed, and the
maximum allowable number of expected errors was set to 2 and 5,
respectively. On average, 98% of the filtered and trimmed sequences
met our initial quality control criteria. The error rate for both forward
and reverse sequences was determined from 514,099 reads obtained
from 6 samples in total. A total of 4650 ASVs were inferred from merged
sequences, of which 793 were flagged as chimeric. Removal of flagged
ASVs resulted in 3857 filtered ASVs (98% retained). The taxonomic
classification was performed via naive Bayesian algorithm (Wang et al.,
2007) with a Silva-trained database (138.1) formatted for the DADA2
(Pruesse et al., 2007). The minimum bootstrap was set to 70%. In
addition to the Silva database, the taxonomic identity of the ASVs were
verified using the National Center for Biotechnology Information data-
base’s standard nucleotide collection. Results matching our blank con-
trol or human microbiome, were removed from the dataset. Removal of
the anomalous sequences resulted in a final set of 3805 ASVs (98.6%
retained). The final ASV table was normalized to the lowest read count
of 61,680 bp with the aid of MOTHUR pipeline (1.48.0) (Schloss et al.,
2009). The sequences are registered in the NCBI SRA database (Bio-
project ID: PRINA1073994; coastal site: SAMN39848632, offshore site:
SAMN39848633). The relative abundance analysis was conducted
manually in Microsoft Excel® and differences among treatments were
tested with the Mann-Whitney U test.

2.2. Aggregation and sinking of MPs

2.2.1. Roller tank incubations

Interactions between MPs and phytoplankton were investigated in
roller tanks incubated on a roller table (Shanks and Edmondson, 1989).
Cultures of Emiliana huxleyi (E. hux; CCMP371) and Isochrysis sp.
(CCMP2164) were grown in F/2 medium at 22 °C in artificial seawater
(31 PSU; Instant Ocean Sea Salt). The dense media (visual observation)
were filled into replicate acrylic roller tanks (tank volume: 1 L; two tanks
each culture). One of the tanks per culture received 25 pieces of MPs
(high-density polyethylene — HDPE) while the other tank (no MPs)
served as the non-plastic control. HDPE pieces were prepared from
postconsumer plastic grocery bags with clean scissors (average area of
plastic pieces: 2.4 mm? + 0.8 mm?). The tanks were incubated on a
roller table at 2.5 rpm until marine snow-sized aggregates formed (~24
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h after the start of the incubation). The tanks were then carefully
removed from the roller table and placed upright to allow aggregates to
settle to the bottom (30-40 min). Aggregates >1 mm (visually
discernible) were randomly chosen and manually collected using a 10-
mL pipette pump (SEOH) with a cut-off tip. Aggregates separated by
treatment were placed into petri dishes pre-filled with 0.2-pm filtered
tank water. The petri dishes were placed on top of a square grid and
individual aggregates were photographed with a digital microscope
(Carson eFlex) at 75x effective magnification. Images of the two-
dimensional projection of the aggregates were processed using ImageJ
software to determine the longest diameter for each aggregate.

2.2.2. Aggregate sinking measurements

Sinking velocities of aggregates were measured using two different
approaches to simulate particle sinking in an unstratified and stratified
water column. The first approach used a 10-mL pipette pump (SEOH)
with a cut-off tip in which the aggregates were drawn into following
their sizing. The aggregates were allowed to freely sink while recording
the distance (2.54 cm) and time of the sinking process as described in
Laurenceau-Cornec et al. (2015), who found only minor differences in
sinking rates between the pipette method and a large sinking cylinder.
For the second approach, a density stratified cylinder (10 cm wide x 10
cm deep x 50 cm tall dimensions) was prepared by filling the bottom part
(20 cm) with 37 PSU artificial seawater. The top part of the tank con-
tained artificial seawater with 31 PSU (Prairie et al., 2017). Aggregates
were gently transferred by pipette below the surface of the top layer (one
aggregate at a time) and recorded during sinking using a shadowgraph
setup with a camera (Grasshopper 3, Teledyne FLIR), light source and
specialized drafting paper for tracking particle settling (Mandel et al.,
2020). Sinking velocities in the stratified water column were calculated
from the entire sinking process through the surface layer and the density
transition zone into the bottom layer of the column. The extent of
stratification in the sinking cylinder was estimated using the Brunt-
Vaisala frequency:

g %
N=,-—=F 2
p0 &z 2

with p0 = 1025.50 kg m~3 (fluid density of lower layer), and &p =
1020.95 kg m~ — 1025.50 kg m~2 (fluid density of upper layer - fluid
density of lower layer). The thickness of the transition layer (5z) was
estimated to be 1 cm based on the sinking behavior of the aggregates at
the transition layer.

3. Results
3.1. Biodegradation of pDOC

The decrease of pDOC of time followed 1st order decay kinetics in
both experiments (coastal and offshore) albeit at different rates. In the
coastal water experiment, 72% of the pDOC was degraded (p < 0.0001;
95% Clasymptote [139.3, 244.4]1) while only 32% pDOC was utilized in the
offshore experiment (p < 0.005; 95% Clasymptote [275.4, 314.4]; Fig. 1).
The time course of pDOC degradation differed between the two exper-
iments, showing a gradual decrease throughout the incubation time in
the coastal water bottles (Fig. 1a). In contrast, pDOC in the offshore
bottles decreased in the first week and remained constant until day 15
(Fig. 1b). DOC in the unamended treatments showed only minor vari-
ations over time in both experiments (Table 1).

3.2. Changes in bacterial cell numbers and enzyme activities in response
to pDOC

Bacterial cell numbers in the coastal water pDOC treatment
increased by a factor of 1.5 in the first week followed by minor changes
in the second week (Table 1). Bacterial cell numbers in the offshore
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Fig. 1. Changes in average pDOC concentrations (n = 3 =+ standard deviations) over time in the experimental bottles with (A) coastal water and (B) offshore water.
Changes in pDOC followed 1st order decay kinetics (fitting line).

Table 1

Bacterial cell abundance (mL 1), dissolved organic carbon (DOC, uM), and enzyme activities (nM h™Y) in the experimental bottles with coastal and offshore waters,
containing natural levels of DOC (unamended) and plastic-derived DOC (pDOC, amended). Values are averages of replicate bottles (n = 3 + standard deviations, in

parentheses). PEP — peptidase, GLU - glucosidase, n.d. - not detectable.

Days of incubation

1 3 6 8 10 15
Bacterial cells*10° Coastal Unamended 3.8 4.1 3.5 5.2 5.0 3.6
(0.9) (0.6) (0.2) 2.7 (2.0) (1.1)
Amended 7.9 10.8 (1.8) 11.6 (5.5) 8.8 12.3 (9.4) 11.3 (5.1)
(3.4) (2.0)
Offshore Unamended 7.6 1.8 1.9 2.7 1.2 1.2
9.3) 0.8) (0.9) (1.8) (0.5) 0.3)
Amended 1.5 3.0 2.2 5.0 9.9 (11.0) 24.6 (36.4)
(0.9) 2.4 (0.9) (4.9)
DOC Coastal Unamended 197 203 (21.6) 190 (26.6) 178 (18.6) 177 (15.5) 190 (3.8)
(27.6)
Amended 869 711 (20.6) 557 (2.7) 524 (20.5) 488 (16.9) 406 (31.2)
8.4
Offshore Unamended 114 95 117 (6.2) 114 (2.3) 106 (34.1) 88 (24.1)
(15.3) (25)
Amended 542 482 (26.4) 416 (15.5) 401 (14.7) 406 (35.3) 412
(14.3) (20)
PEP Coastal Unamended 1195 (245.1) 1476 (283.2) 474.3 (227.4) 352.1 (134.6) 322.3 (99.6) 316.6 (143.1)
Amended 465.9 (307.7) 2102 (367) 2354 (113) 1125 (671.3) 330.7 (137.5) 227.2 (103.6)
Offshore Unamended 61.4 (17.9) 1249 (392.2) 1404 (457.7) 1519 (314.4) 1300 (906) 412 (127.6)
Amended n.d. 832.5 (43.9) 738.5 (33.8) 956.2 (170.1) 1552 (801.2) 1054 (426.7)
GLU Coastal Unamended 5.5 5.7 2.4 1.9 2.7 3.5
(0.6) 3.1 (0.8) 0.7) 0.1) (0.9)
Amended 5.0 6.3 7.0 10.0 (3.4) 7.1 8.4
(0.8) (0.5) (7.3) (4.9) (4.9)
Offshore Unamended 3.5 53.3 55 61.8 40 1.9
(0.3) (2.8) 3.3) (3.6) (24.1) 0.9)
Amended n.d. 57.4 (16.4) 57.6 (23.7) 87 52.8 (12.2) 23.7
(21.4) (8.9)
Esterase (oleate) Coastal Unamended 520.6 (220.8) 252.4 (79.6) 176.2 (43.8) 136.1 (13.3) 114.7 (28.8) 30.45 (1.85)
Amended 304.7 (26.8) 139.9 (12.6) 173.1 (126) 135.4 (99) 45.1 (16.4) 7.0
(15.3)
Offshore Unamended 5.7 105.8 (17) 70.2 55.1 45.1 24.9
(1.3) 7.7) 7.7) (4.3) 3.2)
amended 2.5 56 24.7 (13.5) 34.2 31.4 (11.1) 34.4 (18.8)
1.1 15.7) (7.1)
Esterase (butyrate) Coastal Unamended 1088 (418.7) 1487 (275) 815.7 (136.4) 1185 (83.2) 683.8 (90.5) 328.2 (11.9)
Amended 472.8 (32.5) 891.5 (82.1) 1022 (205.1) 993.6 (255.5) 693.6 (47.9) 287.1 (82.1)
Offshore Unamended 279.6 (0.8) 1156 (148.7) 814.1 (53.2) 849.7 (19) 658.2 (214) 199.2 (5.3)
Amended 169.8 (4.4) 827 (115.5) 741.6 (192) 997.2 (149.2) 1066 (210.4) 551.2 (178.9)

pDOC treatment showed a five-fold increase in the second week of the
incubation. Cell numbers in both unamended treatments remained low
throughout the time course of the incubations.

Enzyme activities expressed as the ratio between the pDOC and the

unamended treatments, showed distinct substrate- and site-specific
patterns (Fig. 2). Peptidase and glucosidase activities in the coastal

pDOC treatment surpassed those of the unamended treatment by day 3,

reaching up to 7 times higher rates compared with the unamended
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B: Offshore water
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Fig. 2. Differences in potential enzyme activities (n = 3 + standard deviations) over time in the experimental bottles with (A) coastal water and (B) offshore water.
Enzyme activities are expressed as ratio between pDOC amended and unamended water. A ratio of 1: 1 means that activities were similar in the two treatments. *
peptidase and glucosidase activities in the pDOC amended offshore experiment were not detectable.

treatment (Fig. 2A). In contrast, the two esterase activities (butyrate and
oleate) in the coastal pDOC amendment were lower in the first week and
at the same level in the second week compared with the unamended
treatment. For the offshore pDOC treatment, all four enzyme activities
gradually increased relative to the unamended treatment towards the
end of the incubation (Fig. 2b). This pattern was most pronounced for
glucosidase activities, reaching two orders of magnitude higher rates in
the pDOC compared with the unamended treatment at day 15.

3.3. Changes in microbial community structure in response to pDOC

Bacterial communities at both sites were dominated by members of
the bacterial phyla Pseudomonadota, Actinomycetota, and Bacteroidota
that showed significantly lower relative abundances at the end of two
treatments relative to their initial levels (Table 2). In the coastal water

Table 2

treatment, Verrucomicrobiota and Planctomycetota showed higher
relative abundances in the pDOC treatment relative to the initial and the
unamended water. The two latter phyla remained undetectable in the
offshore experiment where members of the phyla Bacillota had higher
relative abundances in the pDOC amendment compared with the initial
and the unamended water.

3.4. Aggregation and sinking of marine plastic snow

Marine snow-type aggregates formed in roller tanks with both
phytoplankton cultures (Fig. 3). E. hux aggregates were larger (0.45 +
0.03 cm; n = 4) compared with those formed in the tank with Isochrysis
sp. (0.16 £ 0.05 cm; n = 5) (Student’s t-test, p < 0.001). Isochrysis sp. did
not form visible aggregates with MPs, i.e., marine plastic snow. In
contrast, E. hux and MPs formed marine plastic snow that had larger

Top five abundant bacterial phyla in the experimental bottles with coastal and offshore water, containing natural levels of dissovlved organic carbon (DOC, un-
amended) and plastic-derived DOC (pDOC, amended). The last two columns represent the ratio for the increase or decrease of the phyla between the final (Tepq) and
initial time point (Tjpitia). Bolded numbers show statistically significant shift in relative abundance; a, b, ¢, d, e, g, h, i, j, k, n, 0, p, = p < 0.001; f, I, m = p < 0.05.

Sample Phylum Relative abundance (%)
Tinitial TEnd_unamended TEnd_amended TEnd_ amended: Tinitial TEnd_unamended: Tinitial

Coastal water Pseudomonadota 40* 71 60* 1.5 1.8
Actinomycetota 24b¢ 2.6" 1.7¢ 0.07 0.1
Bacteroidota 14%¢ 9.3¢ 8° 0.6 0.7
Planctomycetota 1.5 0.4%8 88 5.3 0.3
Verrucomicrobiota 1t 0.5 13.8M 13.8 0.5
Desulfobacterota 1 1.1 1.1 1.1 1.1
Others 18.5 15.1 7.4 0.4 0.8

Offshore water Pseudomonadota 48.4 74,19 66.6¢ 1.4 1.5
Actinomycetota 15.44m 6.4' 2.3m 0.1 0.4
Bacteroidota 3.6™° 1" 12° 3.3 3.1
Bacillota 6P 1.7P4 9.7¢ 1.6 0.3
Nitrospirota 1.4 0.4 1.9 1.4 0.3
Others 25.2 6.4 7.5 0.3 0.3
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Fig. 3. Microscopic images of marine snow formed with Emiliana huxleyi
(E. hux) (left); microplastic with E. hux cells (MP w/cells; middle) and E. hux
marine snow with one piece of microplastic (marine plastic snow; right). The
scale between the two black bars in each of the pictures is 1 mm.

average sizes (0.57 & 0.04 cm; n = 4) compared with the E. hux marine
snow (Student’s t-test, p < 0.01). The fraction of MPs not associated with
marine plastic snow had either visible biofilms (hereafter referred to as
MPs w/cells; Fig. 3) or remained visually uncolonized (MPs w/o cells).

Average sinking velocities in the unstratified water column for the
two types of marine snow ranged between 0.49 cm s~ ! (Isochrysis) and
0.26 cm s~ (E. hux) (Fig. 4a). Lower average sinking rates were found
for marine plastic snow (0.22 cm s~ D), MPs wy/cells (0.19 cm s~ 1), and
MPs w/o cells (0.11 ¢cm s’l).

Sinking velocities of marine snow and marine plastic snow in the
density stratified sinking cylinder, calculated from the total transition
time from the top to the bottom of the stratified water column, were
reduced by the presence of the sharp density transition layer (N = 2.1
Hz) where all of the aggregates and MPS w/cells came to a stop
(maximum residence time in the transition layer: 9 min). MPs w/o cells
transitioned through the layer without stopping (visually discerned).
Relative to the unstratified water column, sinking velocities in the
stratified water column decreased by 73% for E. hux marine snow and
marine plastic snow, 42% for MPs w/cells, 36% for MPs w/o cells, and
12% for Isochrysis marine snow (Fig. 4b).
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4. Discussion
4.1. Microbial breakdown of pDOC

Our bioassays revealed site-specific differences in the drawdown of
plastic-derived DOC (pDOC) with higher levels in the coastal compared
with the offshore experiment. Romera-Castillo et al. (2018) reported a
drawdown of 60% pDOC over 30 days in their seawater bottle experi-
ments, and Zhu et al. (2020) found a range of 40% to 80% pDOC
different types of plastics incubated in seawater over 92 days. The latter
two studies were conducted under nutrient-replete conditions while our
experiments were run without nutrient addition. In general, microbial
degradation of pDOC is limited by the availability of N and P as plastic
leachates have a high C and low N and P content. Offshore waters in the
western Gulf of Maine in early fall when samples were collected, are
generally low in N and P (Townsend et al., 2014), suggesting that mi-
crobial communities in our offshore experiment were nutrient limited,
which could explain the lower extent in pDOC degradation relative to
the coastal water experiment.

The weak growth response during pDOC drawdown in the first week
of the incubations suggests that most of the C derived from plastic
leachates was respired to CO5 rather than incorporated into biomass.
Rates and patterns of glucosidases and peptidases further indicate that a
fraction of the acquired C from plastic leachates was repackaged and
released as extracellular polymeric substances (EPS) enriched in car-
bohydrates and peptides. EPS are metabolic byproducts produced in
response to a myriad of environmental conditions, including nutrient
limitation and exposure to contaminants (Decho and Gutierrez, 2017).
Production and release of EPS into the experimental water could also
explain the presence of specific bacterial phyla such as Verrucomicro-
biota and Planctomycetota that were enriched at the end of the coastal
water pDOC treatment (Table 2). Members of these two phyla are known
EPS degraders (Cardman et al., 2014; Martinez-Garcia et al., 2012;
Sichert et al., 2020) and have been identified to colonize (Verrucomi-
crobiota; Marin et al., 2023) and degrade plastics in the ocean (Planc-
tomycetota; Vaksmaa et al., 2022).

The presence of bacterial phyla involved with EPS degradation,
together with the rates and patterns of EPS-hydrolyzing enzyme activ-
ities (glucosidases, peptidases), suggests that the addition of pDOC
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Fig. 4. Results from sinking velocities of the four types of particles (n = 4 for each particle type) in an unstratified (A) and density stratified water column (B). Note

that results from Isochrysis aggregates are not included.
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triggered a cascade of microbial responses (i.e., pDOC utilization fol-
lowed by secondary consumers of metabolic byproducts — EPS) which
has previously been described for oil-degrading microbial communities
(Head et al., 2006) and documented in our earlier work on microbial
degradation of 0il-C in the Gulf of Mexico (Ziervogel et al., 2014; Zier-
vogel et al., 2012; Ziervogel and Arnosti, 2016). In the case of our
offshore incubation, primary degradation of pDOC triggered substantial
bacterial growth after a lag time of ~1 week, suggesting enhanced
biomass production of secondary consumers fueled by EPS. Secondary
consumers in the offshore experiment possibly included members of the
phyla Bacillota that showed higher relative abundances in the amended
relative to the unamended incubation (Table 2). Marine representatives
of Bacillota have been shown to possess enzymatic capabilities to access
and degrade carbohydrates and peptides (Bergauer et al., 2018).

Rates and patterns of the two esterases assayed here indicate that
esterases were not involved with the utilization of pDOC and/or EPS,
despite the fact that pDOC from polypropylene are primarily comprised
of carboxylic acid-containing compounds (Stubbins et al., 2023), which
are hydrolyzed by esterases. An alternative explanation for the discon-
nect between esterase activities and pDOC degradation is that esterase
substrates within the pool of plastic leachates primarily consisted of low
molecular weight compounds that did not require extracellular hydro-
lysis prior to uptake into the cell.

4.2. Formation and sinking of marine plastic snow

Phytoplankton interactions with MPs revealed species-specific dif-
ferences in the formation of algal-MP aggregates (marine plastic snow).
Isochrysis aggregates did not contain MPs, were smaller and appeared
more fragile compared with E. hux aggregates that contained MPs,
suggesting that the E. hux culture at the beginning of the roller tank
incubations had a higher content of EPS compared with Isochrysis. The
importance of EPS in the formation of marine plastic snow is supported
by Galgani et al. (2022) who found a positive correlation between EPS
and MPs in sediment traps containing marine plastic snow. EPS forms
the underlying matrix for marine snow (Passow, 2002) and can occur as
cell coatings or as discrete gel-like particles that increase particle
‘stickiness’ and thus particle coagulation efficiencies (Burd and Jackson,
2009). Moreover, EPS has been shown to exhibit nonpolar properties in
the presence of hydrophobic compounds (Gutierrez et al., 2009) sup-
porting the formation of biofilms onto MPs as observed here in the case
of MPs w/cells (Fig. 3). The latter could have served as precursors for
marine plastic snow in our roller tanks (Michels et al., 2018b).

Sinking velocities of marine plastic snow in the unstratified water
column were almost double those of MPs, supporting the notion that
vertically sinking marine plastic snow is an efficient transport vehicle for
MPs (Galgani et al., 2022; Kvale et al., 2020; Long et al., 2015; Porter
et al., 2018). The fact that marine plastic snow had a lower average
sinking velocity compared with marine snow indicate that MPs poten-
tially change the physical properties (e.g., density, drag) and export
efficiencies of sinking C with consequences for the ocean C pump (Long
et al., 2015; Porter et al., 2018).

In addition to their sinking velocities, the vertical distribution of
aggregates in the water column is driven by the presence and strength of
density gradients particularly in seasonally stratified, highly productive
coastal waters and shelf seas (Alldredge et al., 2002; Moller et al., 2012;
Prairie et al., 2017). In our study, stratification led to reduced average
transit times from the surface to the denser bottom layer for all particle
types tested here, as the sharp transition layer caused sinking particles to
slow down or stop (Prairie et al., 2015). Accumulation of marine snow at
density transition layers has been observed in the field and can result in
particle thin layers that are hotspots for microbial degradation and
zooplankton grazing (Alldredge et al., 2002; Moller et al., 2012; Prairie
et al., 2017).
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5. Conclusions

This study presents results from two separate laboratory experiments
on two important pathways of plastic contaminants in the ocean: (i)
photo-oxidation and the subsequent microbial utilization of dissolved
plastic-derived compounds (pDOC), and (ii) sinking of marine plastic
snow formed from MPs and phytoplankton cells. Our results suggest that
the two pathways are linked through microbial EPS that are produced in
response to pDOC utilization providing the ‘glue’ for marine plastic
snow. The amount of EPS produced and thus their role in marine plastic
snow formation, will ultimately depend on the levels of pDOC inputs.
Direct measurements of the amount of pDOC (and EPS therefrom)
relative to natural DOC have, to the best of our knowledge, not been
made yet. Possible hotspots for inputs and microbial processing of pDOC
are plastic-enriched surface waters such as subtropical gyres (Law,
2017). In these areas pDOC may yield significant amounts compared
with natural DOC concentrations, particularly in the microlayer where
less hydrophilic photoproducts such as carboxylic acids accumulate.

Understanding the effects of microbially mediated cycling of pDOC
in plastic-rich surface waters may also be significant with respect to
elemental stoichiometry and nutrient depletion. Assuming that all
plastics floating at sea dissolved to DOC in a year (a vast overestimate of
rates), this would yield a maximum input of 0.2 Pg-C (Stubbins et al.,
2021), which is ~50 times less compared with DOC inputs from primary
production (minimum estimate: ~12 Pg-C yr’l; Dittmar and Stubbins,
2014). However, the addition of pDOC from photo-oxidized plastics
would be a net input of DOC uncoupled from new production; its utili-
zation and the subsequent microbial cascade of primary and secondary
consumers as described here, would results in a net drawdown of nu-
trients. In the case of C limited systems, this nutrient drawdown from
pDOC utilization would reduce resources for autotrophs limiting pri-
mary productivity (the ‘more organic carbon gives less organic carbon’
theory; Thingstad et al., 2008). A weakening of the efficiency of the
biological C pump would potentially be amplified by marine plastic
snow, reducing aggregate sinking rates and enhancing C attenuation,
particularly in stratified waters as demonstrated here. Moreover,
decreased aggregate transit times through stratified waters will increase
the time for microbes and grazers to breakdown and ingest MPs,
potentially leading to enhanced accumulation of marine plastic con-
taminants in higher trophic levels.
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