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Oceanic oil-degrading bacteria produce copious amounts of exopolymeric substances (EPS) that facilitate
their access to oil. The fate of EPS in the water column is in part determined by activities of heterotrophic
microbes capable of utilizing EPS compounds as carbon and energy sources. To evaluate the potential of
natural microbial communities to degrade EPS produced during oil degradation, we measured potential
hydrolysis rates of six structurally distinct polysaccharides in two roller bottle experiments, using water
from a natural oil seep in the northern Gulf of Mexico. The suite of polysaccharides used to measure the
initial step in carbon degradation is indicative of polymers within microbial EPS. The treatments included
(i) unamended surface or deep waters (whole water), and water amended with (ii) a water-accommodated
fraction of oil (WAF), (iii) oil dispersant Corexit 9500, and (iv) WAF chemically-enhanced with Corexit
(CEWAF). The oil and Corexit treatments were employed to simulate conditions during the Deepwater
Horizon oil spill. Polysaccharide hydrolysis rates in the surface-water treatments were lowest in the
WAF treatment, despite elevated levels of EPS in the form of transparent exopolymer particles (TEP).
In contrast, the three deep-water treatments (WAF, Corexit, CEWAF) showed enhanced hydrolysis rates
and TEP levels (WAF) compared to the whole water. We also observed variations in the spectrum of
polysaccharide-hydrolyzing enzyme activities among the treatments. These substrate specificities were
likely driven by activities of oil-degrading bacteria, shaping the pool of EPS and TEP as well as degradation
products of hydrocarbons and Corexit compounds. A model calculation of potential turnover rates of
organic carbon within the TEP pool suggests extended residence times of TEP in oil-contaminated waters,
making them prone to serve as the sticky matrix for oily aggregates known as marine oil snow.

Keywords: Extracellular enzymes; Polysaccharide hydrolysis; TEP; Gulf of Mexico; Oil spill; Marine oil
snow

1. Introduction

Oil degradation facilitated by specialized microbial
communities plays a key role in the fate of petroleum
hydrocarbons in the ocean (Head et al., 2006). A hotspot
of indigenous oil-degrading bacteria is the northern Gulf
of Mexico, where at least 914 natural hydrocarbon seep
zones, overlying subseafloor oil reservoirs, discharge oil
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into the water column at an annual rate of 2.5-9.4 x 10*
m?yr-' (MacDonald et al., 2015). Natural oil and gas seeps
promote growth of microbial populations equipped to
metabolize low to moderate levels of hydrocarbons and
gas (Joye et al., 2010). During the Deepwater Horizon spill
in 2010, however, the volume of oil discharged into the
northern Gulf of Mexico (~500 x 10° m? over 5 months)
overshadowed natural input levels.

The Deepwater Horizon discharge was the first oil-
industry accident of this magnitude that affected deep-
sea environments: massive quantities of oil and gas were
released from the broken riser pipe, forming hydrocarbon
plumes at depths between 1000 m and 1300 m (Diercks
et al, 2010). Deep-water oil and gas plumes selected
for highly active bacterial oil-degrading communities
of a composition quite distinct from that found in non-
plume deep waters (Hazen et al., 2010; Valentine et al.,
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2010; Redmond and Valentine, 2011; Kleindienst et al.,
2016) and oil-contaminated surface waters (Yang et al.,
2016). In both the deep-water plumes and surface waters
impacted by the oil spill, copious amounts of exoplymeric
substances (EPS), produced and excreted by oil-degrading
bacteria to emulsify petroleum hydrocarbons (Gutierrez
et al.,, 2013), formed mucus-like particles or flocs (Baelum
et al., 2012; Passow et al., 2012) that acted as “glue” for
oily aggregates (marine oil snow), accelerating sedimenta-
tion of spilled oil across a large area (Chanton et al., 2015;
Passow and Ziervogel, 2016).

EPS from oil degradation are comprised mainly of poly-
saccharides, proteins, and lipids (Quigg et al., 2016), and
these labile substrates stimulate the activities of hetero-
trophic secondary consumers not directly associated with
oil degradation (Head et al., 2006). During the spill, rates
of organic matter degradation by heterotrophic microbes
were higher in oil-contaminated surface (Edwards et al.,
2011; Ziervogel et al., 2012; Arnosti et al., 2016) and deep
waters (Ziervogel and Arnosti, 2016) relative to uncontam-
inated waters, suggesting a potential interaction between
organic matter and EPS from oil degradation and bacterial
secondary consumers.

Interactions within bacterial oil-degradation cascades
during the 2010 oil spill were affected by the extensive
application of chemical dispersants (~7 x 10° L of mainly
Corexit 9500; Kujawinski et al., 2011), which were injected
directly at the discharging wellhead and applied onto
surface slicks to increase the solubility of oil. While the
effectiveness of Corexit with respect to oil bioremediation
remains unclear, dispersants shaped bacterial community
compositions during the 2010 spill (Kleindienst et al.,
2015a, and references therein). Mesocosm experiments
with Gulf of Mexico bacterial communities indicated
that Corexit compounds may act as an additional carbon
source for heterotrophic bacteria, selecting for specific oil-
degrading populations that were distinct from those not
amended with Corexit (Baelum et al., 2012; Kleindienst
et al., 2015b; Techtmann et al., 2017). Biodegradation of
Corexit compounds and dispersed oil affects the compo-
sition of oil-degradation byproducts (Seidel et al., 2016)
available to bacterial secondary consumers within oil-
degradation cascades. Moreover, Corexit may change the
quantity and composition of EPS (van Eenennaam et al.,
2016; Xu et al., 2018), with possible consequences for het-
erotrophic microbial activities and food web interactions
in the case of an oil spill.

To better understand the initial transformation step of
oil-degradation byproducts including EPS derived from oil
degraders, we measured potential hydrolysis rates of high
molecular weight organic matter (polysaccharides) by
indigenous bacterial populations from the Gulf of Mexico
exposed to oil under Deepwater Horizon-like conditions.
The main goal of this study was to investigate whether oil
contamination leads to enhanced polysaccharide degrada-
tion by natural microbial assemblages.

Our data set was generated during two separate labora-
tory experiments designed to assess the effects of oil and
Corexit exposure on natural bacterial communities from
surface and deep waters collected near a natural oil seep
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in the northern Gulf of Mexico (Kleindienst et al., 2015b;
Malkin et al.,, 2019). The sampling site over the Green
Canyon (GC) oil reservoir is located approximately 322
km (200 miles) off the Louisiana coast. The site is char-
acterized by comparatively low rates of primary produc-
tivity and POC fluxes to depth relative to the Deepwater
Horizon oil spill site, which is located in the Mississippi
Canyon near the main Mississippi River Delta (Giering et
al., 2018).

Polysaccharides were chosen as substrates for micro-
bial enzymatic activities as they often comprise a major
fraction of EPS from oil-degrading bacteria (Gutierrez et
al,, 2013). The six polysaccharides used here — arabinoga-
lactan, chondroitin sulfate, fucoidan, laminarin, pullulan,
and xylan — differ in monomer composition and linkage
position; many are present in considerable quantities in
the ocean (Alderkamp et al., 2007). Enzymes that specifi-
cally hydrolyze these substrates have been identified in a
variety of marine environments (Arnosti et al., 2011) as
well as in the genomes of recently sequenced marine bac-
terial isolates (Glockner et al., 2003; Bauer et al., 2006;
Weiner et al., 2008). Moreover, most of the structural
monosaccharides of the six polysaccharides used here
were found in the EPS pool from Gulf of Mexico surface-
water microbial assemblages experimentally exposed to
oil and Corexit (Xu et al., 2018), and from bacteria isolates
associated with oil slicks from the 2010 Gulf of Mexico
spill (Gutierrez et al., 2018).

Polysaccharide hydrolysis rates were measured in the
following treatments of the two mesocosm experiments:
whole water (either surface or deep water from a natural
oil seep in the northern Gulf of Mexico) amended with:
(i) a water-accommodated fraction of crude oil (WAF);
(i) WAF chemically enhanced with Corexit (CEWAF);
(iii) Corexit only; and (iv) unamended whole water. WAF
and CEWAF are commonly used to study toxicity effects of
petroleum hydrocarbons under controlled laboratory con-
ditions (e.g., Wade et al., 2017). Polysaccharide hydrolysis
patterns were compared with bacterial cell numbers and
transparent exopolymer particles (TEP), a particulate form
of EPS (Passow, 2002), to estimate turnover rates by micro-
bial communities in the Gulf of Mexico.

2. Material and Methods
2.1. Mesocosm set-up
This study was part of two distinct laboratory mesocosm
experiments using seawater collected at a site with active
natural hydrocarbon seepage (GC600; 27° 21.79'N, 90°
34.65'W). The first incubation (hereafter referred to as
deep-water experiment) was prepared with GC 600 bot-
tom water sampled at a depth of 1178 m in March 2013
using Niskin bottles attached to a CTD rosette during RV
Pelican cruise 13-21. The second incubation (hereafter
referred to as surface-water experiment) was conducted
with GC 600 surface water collected during RV Pelican
cruise 15-08 in September 2014. Surface-water samples
were collected with a clean bucket that was lowered
repeatedly from the deck into a surface oil slick.

A detailed description of sample storage and prepara-
tion of the incubations, as well as a complete description
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of the parameters analyzed, is given for the deep-water
experiment in Kleindienst et al. (2015b) and for the sur-
face-water experiment in Malkin et al. (2019). In brief, indi-
vidual surface- and deep-water incubations were prepared
with unamended source water (whole water) and with
whole water prepared using three distinct treatments:
(i) with a water-accommodated fraction of Macondo oil
(WAF); (ii) with a mixture of Corexit 9500 and WAF yielding
CEWAF; and (iii) with the dispersant agent Corexit 9500
(Corexit-only) (Table S1). WAF represents the fraction of
crude oil that dissolves into the aqueous phase, and is
comprised mainly of lower molecular weight aromatic
hydrocarbons (Overton et al., 2016; Wade et al., 2017). The
addition of Corexit changes the surface area of oil, poten-
tially increasing the biodegradability of oil (Kleindienst et
al,, 2015a). The WAF used for our mesocosm experiments
contained concentrations of total petroleum hydrocar-
bons similar to those observed in the water column during
the 2010 spill (Kleindienst et al., 2015b). Concentrations
of Corexit were also comparable to those in the deep-
water plumes during the spill (Kleindienst et al., 2015b).
All treatments were incubated in triplicate 2-L glass
bottles in the dark on a roller table at 15 rpm, which
ensured incubation under mildly turbulent conditions.
Incubation temperatures were close to the respective in
situ temperatures at the time of sampling (surface water:
23°C; deep water: 7°C); incubation times varied between
8 days (surface-water experiment; i.e., short experiment in
Malkin et al., 2019) and 6 weeks (deep-water experiment).

2.2. Polysaccharide hydrolysis

Rates of polysaccharide hydrolysis were measured in the
whole water before the start of the roller table incuba-
tion (hereafter referred to as initial whole water), and in
the whole water and WAF-, Corexit-, and CEWAF-amended
roller bottles sampled at the end of the roller table incu-
bations. Note that samples from intermediate time points
as described in Kleindienst et al. (2015b) and Malkin et
al. (2019) were not available for this study due to limited
volumes available for experimentation.

Six polysaccharides — arabinogalactan, chondroitin
sulfate, fucoidan, laminarin, pullulan, and xylan (all
Sigma or Fluka; Table 1) — were labeled with fluo-
resceinamine and used as substrate for extracellular
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enzymes as described in Arnosti (1996, 2003). In brief,
single substrates were added to pre-autoclaved 17-mL
glass vials at a final concentration of 3.5 uM monomer
equivalent. Five mL from each roller bottle were added
to the vials containing single substrates. Incubations
from the surface-water experiment were conducted with
triplicate vials per substrate and treatment; two replicate
vials per substrate and treatment were prepared for the
deep-water experiment. Fewer replicates were made for
the deep-water experiment due to the limited quantity of
water available. Because of the need for adequate sample
volume, we had to pool the subsamples from each repli-
cate roller bottle and divide them into 5-mL portions for
each of the six substrates.

Enzymatic hydrolysis of single substrates was monitored
over time (total incubation time: 22 days) by means of gel-
permeation chromatography (GPC) as described in detail
in Arnosti (2003). In brief, samples were injected onto
a GPC system consisting of a Shimadzu LC-10 AT HPLC
pump connected in series to a G-50 Sephadex gel column
(20.5 x 1 cm) and a G-75 Sephadex gel column (18 x 1 cm),
with the column outflow passing to a Hitachi fluorescence
detector L-2480 set to excitation and emission maxima of
490 and 530 nm, respectively. The mobile phase was 100
mM NaCl + 50 mM Na,HPO,/NaH,PO, phosphate buffer
(pH 8.0) at 1 ml min~' flow rate. The column set was cali-
brated with a series of FITC dextran standards (150 kD,
10 kD, 4 kD, FITC galactose, and free fluorescent tag, all
obtained from Sigma) in order to determine the elution
time corresponding to different molecular weight size
classes.

Throughout the 22-day incubations, the incubation
vials were kept static in the dark, and at the respective in
situ temperatures. One mL subsample was removed from
each of the incubation vials after 0, 3, 7, 14, 22 days and
filtered through 0.2-um syringe filters. The filtrate was
stored at —20°C until analysis on the GPC system. The
polysaccharide hydrolysis incubation time points are
separate and differ from the mesocosm time points.

Polysaccharide hydrolysis incubations, as in this study,
are conducted as a time series over periods of days to
weeks, because the time that is required for a polysaccha-
ride pool to be hydrolyzed to lower molecular weights is
not known a priori. Hydrolysis rates for each of the four

Table 1: Chemical description of polysaccharides used for hydrolysis experiments. DOI: https://doi.org/10.1525/

elementa.371.t1

Substrate Description MW (kD)?
Arabinogalactan mixed polymer of galactose and arabinose ~72-92
Chondroitin sulfate  sulfated polymer of N-acetylgalactosamine 63
and glucuronic acid
Fucoidan Fucose-containing sulfated polysaccharide ~100
Laminarin p(1,3)-linked glucose polymer 8.6
Pullulan (1,6)-linked maltotriose polymer 715
Xylan B(1,4)-linked xylose 8

2Molecular weights (MW) according to Sigma.
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time points were calculated from the changes of high
molecular weight substrates to lower molecular weight
products as a result of enzymatic hydrolysis; these rates
were corrected for any hydrolysis in killed control water
(0.2 um-filtered and pasteurized for 2 h at 65°C). The
maximum hydrolysis rate among all time points in a sam-
ple was used as a measure of the maximum potential rate
at which the microbial community could access a spe-
cific polysaccharide. The sum of the maximum hydrolysis
rates for each substrate (hereafter referred to as summed
hydrolysis rate) was used to illustrate the overall hydro-
lytic potential of the heterotrophic communities for poly-
saccharide degradation.

The rates reported here represent potential hydrolysis
rates, as added substrate competes with naturally occur-
ring substrates for active enzyme sites. Given the level of
substrate addition, however, hydrolysis rates are likely zero
order with respect to substrate and represent maximum
potential rates.

2.3. Bacterial cell counts and transparent exopolymer
particles (TEP)

Sample preparation and analysis of bacterial cell counts
and transparent exopolymer particles (TEP) are described
in Kleindienst et al. (2015b) and Malkin et al. (2019). In
brief, microbial cell counts were conducted using epifluo-
rescence microscopy after staining the cells with either
SYBR Gold (ThermoFisher; surface-water experiment) or
4’ 6-Diamidino-2-phenylindole (DAPI, Sigma; deep-water
experiment).

TEP are a particulate form of microbial EPS that play
an important role in microbe-oil interactions and the
formation of marine oil snow (Passow et al., 2017). TEP
were measured colorimetrically using the Alcian Blue
method (Passow and Alldredge, 1995) with Xanthan
Gum (Sigma) as a standard solution, and TEP concentra-
tions are reported as Xanthan Gum equivalents per unit
water volume (XG eq. L™'). TEP could not be analyzed
in roller bottles that contained Corexit due to chemical
interference of the Corexit with Alcian Blue. The carbon
content of TEP (TEP-C; pg C L") was calculated using the
concentration-dependent relationship between POC and
TEP proposed by Engel and Passow (2001). Cell counts
and TEP concentrations, previously reported for the deep-
water experiment in Kleindienst et al. (2015b) and for the
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surface-water experiment in Malkin et al. (2019), are used
here for the interpretation of our results on polysaccha-
ride hydrolysis patterns.

2.4. TEP-C turnover rates

To estimate the fate of oil-derived EPS within the TEP
pool, we calculated TEP-C turnover per day as the ratio of
C remineralization rates (ug C L' d-") to TEP-C (ug C L")
in the whole water and WAF treatments. Carbon reminer-
alization rates were calculated from summed polysaccha-
ride hydrolysis in the respective treatments, assuming 6
C remineralized per hydrolyzed monomer. For this model
calculation, we assumed that hydrolysis rates of the six
polysaccharides tested here are representative of all EPS
hydrolysis in the treatments. We also assumed that all EPS
produced during microbial oil degradation partitioned
into the TEP pool.

2.5. Statistical analysis

The uncertainties of the summed maximum hydrolysis
rates are assumed by the error propagation of the indi-
vidual standard deviations given by

o, =%\/oj+ o} +...+0o’
where o is the standard deviation of the hydrolysis rate
of the first substrate, o, is the standard deviation of the
second substrate, and N is the number of replicates.
ANOVA, PERMANOVA and PCA were performed using the
R language and the vegan version 2.4-5 on standardized
data, which analyzed the change in patterns of hydrolysis
rates without respect to changes in summed hydrolysis
rates (Oksanen et al., 2017). Student’s t-test was performed
using JMP Pro 14 software.

3. Results

Table 2 illustrates selected ancillary data on the initial
(unamended) surface and deep water at the time of sam-
pling (see Kleindienst et al., 2015b, and Malkin et al.,
2019, for more details). DOC levels at the surface were
about double those at 1178 m, and inorganic nutrients
were an order of magnitude lower (or undetectable in the
case of SRP) at the surface compared to the deep-water
sample.

Table 2: Ancillary data on the unamended water at the time of sampling and at initiation of the roller bottle experiments.

DOI: https://doi.org/10.1525/elementa.371.t2

Sample? Depth (m) Salinity T (°C) Roller bottles®

DOC (uM) SRP (uM) NH, (uM)  NOX (uM)
Surfacewater 0° 36 23 96955 ndd 0.01+0.01 0.3+£0.1
Deep water 1178 36 7 455+54 1.7%0.03 0.2£0.1 24+0.2

a Surface-water data from Malkin et al. (2019); deep-water data from Kleindienst et al. (2015b).
®DOC indicates dissolved organic carbon; SRP, soluble reactive phosphorus; NOx, nitrate + nitrite; WAF, water accommodated fraction
of oil; CEWAF, chemically enhanced (with Corexit) WAF. Values + standard deviation, n = 3 replicate bottles.

¢Water samples taken by bucket from the sea surface.
4Not detectable.
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3.1. Polysaccharide hydrolysis in surface-water roller
bottles

The oil and Corexit treatments significantly influenced the
summed hydrolysis rates (ANOVA, p < 0.01; Figure 1A).
The initial whole water and whole water roller bottles
showed very similar summed hydrolysis rates, indicating
that the roller table incubation time and conditions had
only minor effects on overall hydrolytic activities in the
two unamended treatments. Summed hydrolysis rates in
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the CEWAF treatment were also similar to the initial whole
water sample. Summed hydrolysis rates in the Corexit-
only treatment were 73% of the rates in the initial whole
water, which was not distinguishable statistically based on
the experimental design used here (p > 0.05; Tukey's HSD
post-hoc test). Summed hydrolysis rates in the WAF treat-
ment were 58% of the initial whole water rates, which was
distinguishable statistically (p < 0.05) from all treatments
except the Corexit-only treatment.
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Figure 1: Polysaccharide hydrolysis in surface-water roller bottles. (A) Summed hydrolysis rates in the surface-
water roller bottles sampled prior to (Initial whole water) and at the end of the 8-day roller table incubation (Whole
water, WAF, Corexit-only, CEWAF) (n = 18). Error bars indicate the error propagation of the individual hydrolysis rates.
Letters indicate results of the post-hoc analysis of treatment-specific differences in rates (ANOVA, p < 0.05); rates
with the same letters are indistinguishable from one another. (B) Relative contributions of arabinogalactan (Ara),
chondroitin (Chon), fucoidan (Fu), laminarin (Lam), pullulan (Pull), and xylan (Xyl) hydrolysis to summed hydrolysis

rates (n =

3). (C) Principle component analysis (PCA) of standardized hydrolysis rates. Points represent patterns of

hydrolysis rates in individual samples, and arrows represent PCA loadings, i.e., the effect that hydrolysis rates of each
substrate have on the position of a sample in the PCA plot. DOI: https://doi.org/10.1525/elementa.371.f1
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Oil and corexit amendments also significantly influ-
enced the pattern of hydrolysis rates (PERMANOVA;
p < 0.001). Differences in summed hydrolysis rates were
driven mainly by the spectrum of polysaccharide hydro-
lase activities. All six substrates were hydrolyzed in the
two whole water incubations and the CEWAF amendment
(Figure 1B). In the Corexit-only amendment, five of the
six substrates (all but arabinogalactan) were hydrolyzed;
chondroitin sulfate was hydrolyzed in only one of the rep-
licate vials and at the last time point (Figure 2). The WAF
treatment had the narrowest spectrum of enzyme activi-
ties; neither arabinogalactan nor chondroitin sulfate were
hydrolyzed during the course of the incubation.

Rates of hydrolysis varied strongly by substrate. Xylan
hydrolysis contributed substantially to the summed
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hydrolysis rates in surface-water roller bottles, ranging
between 22% (Corexit-only) and 59% (CEWAF) of the total
summed rate (Figure 1B). Laminarin hydrolysis was con-
siderable in all treatments (23-36%). Fucoidan hydrolysis
also contributed notably, with highest contributions in the
WAF (28%) and Corexit-only (26%) treatments, followed
by the two whole water treatments (12% and 18%) and
the CEWAF (6%) amendment. Pullulan was hydrolyzed
in all treatments, but at generally low rates; chondroitin
sulfate and arabinogalactan hydrolysis was also detectable
but only at low rates (generally less than 10% to the total
summed rate) in some of the incubations.

PCA analysis indicates that, in surface waters, rela-
tive arabinogalactan and xylan hydrolysis rates were
closely correlated, and were generally anticorrelated
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Figure 2: Polysaccharide hydrolysis rates per time point in surface-water roller bottles. Time courses of
arabinogalactan (Ara), chondroitin (Chon), fucoidan (Fu), laminarin (Lam), pullulan (Pull), and xylan (Xyl) hydrolysis
in the surface-water roller bottles. Error bars are standard deviations of triplicates. Note the different scale of the
y-axis for Xyl. DOI: https://doi.org/10.1525/elementa.371.f2
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with relative fucoidan and pullulan hydrolysis rates
(Figure 1C). Relative chondroitin and laminarin hydrol-
ysis rates were anticorrelated with each other. The pat-
tern in the WAF treatment was driven by relatively rapid
chondroitin hydrolysis and low xylan and arabinoga-
lactan hydrolysis. The hydrolysis pattern in the CEWAF
treatment was driven by rapid xylan and arabinogalactan
hydrolysis, while the Corexit-only treatment was driven
by relatively rapid pullulan and fucoidan hydrolysis and
slow arabinogalactan, xylan, and chondroitin hydrolysis.

The time course of hydrolysis — and the time point
when maximum hydrolysis rates of individual substrates
were found — differed substantially among the surface-
water treatments. For instance, xylan hydrolysis peaked
in the CEWAF treatment at the initial time point of day
3 (Figure 2 and Table 3); in the two whole water treat-
ments, maximum xylan hydrolysis was found at day 7,
while rates in the Corexit-only and WAF amendment were
highest at day 14 of the hydrolysis incubation. Most rapid
fucoidan hydrolysis was found in the whole water, WAF,
and Corexit-only treatment at day 3, while maximum
fucoidanase activity in the initial whole water and CEWAF
were found only at the last time point (day 22).

3.2. Polysaccharide hydrolysis in deep-water roller
bottles

Summed hydrolysis rates in the two unamended deep-
water treatments were comparable to one another but
were only about half the level measured in the three
amended treatments (Figure 3A). These differences
were not statistically distinguishable from one another
(ANOVA, p > 0.05), due in part to the low statistical
power of the experimental design. As in the surface-
water samples, however, the relative contributions to
summed activities varied by substrate and treatment
(PERMANOVA, p < 0.002; Figure 3B). The effect that each
treatment had on hydrolysis rate differed from that in the
surface incubations.

In deep incubations, chondroitin sulfate contributed
substantially to summed hydrolysis rates in all treatments
(17-43%) and was particularly elevated in the initial
whole water, WAF and CEWAF treatments (Figure 3B).
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The contribution of xylan hydrolysis was lower in the WAF
(19%) and the initial whole water (17%) compared to the
other three treatments (34—47%). Relative contributions
of xylan hydrolysis in the deep-water treatments were
generally lower compared to those in the surface-water
experiment. Laminarinase activities were comparable
among the deep-water treatments (28—-37%) except for
CEWAF, adding only 19% of the total. Pullulan hydrolysis
was overall lowest reaching 4% of the summed hydroly-
sis rates in the amended treatments, as well as 6% and
13% in the two unamended treatments. Both laminarin
and pullulan hydrolysis revealed very similar proportional
contributions to summed rates in the deep-water and
surface-water treatments. Unlike in surface incubations,
arabinogalactan and fucoidan hydrolysis rates were zero
in all deep-water treatments.

In deep waters, relative pullulan and chondroitin hydrol-
ysis rates were anticorrelated, and relative laminarin and
xylan hydrolysis rates were correlated to each other but
largely orthogonal to pullulan and laminarin (Figure 3C).

The time courses of hydrolysis revealed some differ-
ences among the deep-water treatments. For instance,
chondroitin sulfate hydrolysis was more rapid in the WAF
and CEWAF amendments (peak at day 7; Figure 4 and
Table 3) compared to the Corexit treatment that reached
highest rates at day 14. Maximum chondroitin sulfate
hydrolysis in the two unamended whole water treatments
were measured at day 22. Xylan hydrolysis was most rapid
in the Corexit-only treatment (peak at day 3), followed by
CEWAF (day 7), the two whole water treatments (day 7),
and WAF (day 22).

3.3. Bacterial abundance and TEP

For the surface-water experiment, bacterial cell counts
in the whole water treatment were comparable to the
initial whole water (Table 4). Highest cell densities were
found in the CEWAF treatment where they were almost
double those in the whole water. Cell abundance in the
WAF treatment was almost one order of magnitude lower
than in the CEWAF treatment, while cell densities in the
Corexit-only treatment were in the same range as those in
the whole water.

Table 3: Significant treatment-specific differences in maximum hydrolysis rates by analysis of variance (ANOVA,
p-values < 0.05), where letters? indicate results of the post-hoc analysis. DOI: https://doi.org/10.1525/elementa.371.t3

Treatment Surface-water roller bottles® Deep-water roller bottles®
Chon Fu Xyl Chon Lam Xyl
(0.03) (0.009)  (0.005)  (0.001)  (0.02)  (0.03)
initial whole water ~ AB¢ A AB B AB B
whole water A A B B B AB
WAF -4 A B A A AB
Corexit AB A B B A A
CEWAF B B A A AB AB

2 Rates with the same letters are indistinguishable from one another.
b Differences were not significant for Ara, Lam and Pull (p-values of 0.25, 0.1, and 0.5, respectively).
¢ The p-value for Pullwas 0.7; Ara and Fu were not hydrolyzed in the deep-water incubations.

4 Chon remained unhydrolyzed in the WAF treatment.
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Figure 3: Polysaccharide hydrolysis in deep-water roller bottles. (A) Summed hydrolysis rates in the deep-water
roller bottles sampled prior to (Initial whole water) and at the end of the 42-day roller table incubation (Whole
water, WAF, Corexit-only, CEWAF) (n = 12). Error bars indicate the error propagation of the individual hydrolysis rates.
Summed rates were not distinguishable statistically from one another (ANOVA, p > 0.05). (B) Relative contributions
of chondroitin (Chon), laminarin (Lam), pullulan (Pull), and xylan (Xyl) hydrolysis to summed hydrolysis rates (n = 2).
Note that arabinogalactan and fucoidan remained unhydrolyzed in the deep-water treatments. (C) Principle compo-

nent analysis (PCA) of standardized hydrolysis rates. Po

ints represent patterns of hydrolysis rates in individual sam-

ples, and arrows represent PCA loadings, i.e., the effect that hydrolysis rates of each substrate have on the position of
asample in the PCA plot. Note that arabinogalactan and fucoidan hydrolysis rates were zero in all treatments, and so
were excluded from this analysis. DOI: https://doi.org/10.1525/elementa.371.f3

Average TEP concentration was highest in the WAF
treatment, followed by the whole water and initial whole
water. These differences were not statistically distinguish-
able from one another (ANOVA, p > 0.05).

In the deep-water roller bottles, highest cell num-
bers were found in the WAF treatment, followed by the
Corexit-only treatment. Bacterial cell counts in the two
unamended whole water treatments and the CEWAF were
in the same range.

TEP levels in the two unamended deep whole water treat-
ments were in the same range, and about half those in the
deep WAF treatment. Average TEP-C turnover rates in the
surface-water treatments were three times higher in the una-
mended water compared with WAF (Figure 5). These differ-
ences were not distinguishable statistically (t-test, p=0.1) due
to the high variance in whole water rates. In the deep water,
TEP-C turnover was about 20 times higher in the unamended
water compared to the WAF treatment (t-test, p < 0.05).
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Figure 4: Polysaccharide hydrolysis rates per time point in deep-water roller bottles. Time courses of arabi-
nogalactan (Ara), chondroitin (Chon), fucoidan (Fu), laminarin (Lam), pullulan (Pull), and xylan (Xyl) hydrolysis in
the deep-water roller bottles. Error bars are standard deviations of replicate incubations (n = 2). Note the different
scale of the y-axis for Xyl, and that hydrolysis of Ara and Fu was not detectable (n.d.). DOI: https://doi.org/10.1525/
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Table 4: Bacterial abundance and TEP in surface- and deep-water roller bottles at the end of the experiments. DOI:

https://doi.org/10.1525/elementa.371.t4

Sample® Treatment Bacterial cells (mL™")  TEP (ugGXeq.L') TEP-C(ugCL™)
Surface initial whole water 3.2 x 10* £ 4.9 x 10°, AB® 85+7 64+5
water whole water 2.8x 10+ 1.6 x 10%, AB 154 + 66 116 + 50
WAF 0.8 x 10*£0.2 x 104, B 229+ 56 172 £ 42
Corexit 5.0 x 104+ 3.1 x 104, AB n.ac n.a.
CEWAF 7.7 x 10 £ 2.8 x 104, A n.a. n.a.
Deep initial whole water 2.7 x10°+£2.7 x 10°, C 59+5,B 44 +3,B
water whole water 2.7 % 10°+2.0 x 10%,C 58+ 1,B 43+10,B
WAF 1.6 x 107+ 2.3 x 105, A 3719 £ 1749, A 2789+ 1312, A
Corexit 8.0 x 10°+ 2.9 x 105 B n.a. n.a.
CEWAF 1.6 x 106+ 3.1 x 10°, C n.a. n.a.

2 Results for surface water from Malkin et al. (2019); for deep water from Kleindienst et al. (2015b).

b Letters indicate results of the post-hoc analysis of treatment-specific differences (ANOVA, p < 0.05); rates with the same letters are
indistinguishable from one another.

¢ Not available.
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Figure 5: Estimated carbon turnover rates within the
TEP-C pool. Turnover rates per day were calculated as
the ratio of C remineralization rates (ug C L' d*) to
TEP-C (ug C L). See text for more details. Note that
differences in the deep-water treatments (but not in the
surface-water treatments) were significant (Student’s
t-test, p < 0.05). DOI: https://doi.org/10.1525/ele-
menta.371.f5

4. Discussion

Microbial communities indigenous to the numerous oil
and gas seeps in the northern Gulf of Mexico are con-
stantly exposed to low levels of hydrocarbons. During the
2010 oil spill, however, hydrocarbon levels in the water
column increased drastically, with consequences for
microbial activities in the affected areas (King et al., 2015,
and references therein). The application of chemical dis-
persants (Corexit 9500) to surface and deep waters near
the spill site added another level of complexity to the sys-
tem. Understanding the consequences of oil and Corexit
exposure on bioremediation processes during a spill
requires specific experiments like the ones described here.

As presented and discussed in more detail in Malkin et
al. (2019) and Kleindienst et al. (2015b), bacteria capable
of degrading hydrocarbons became persistently enriched
in the surface- and deep-water amendments over the time
course of the incubations. The hydrocarbon-degrading
community in the surface-water WAF treatment was
dominated by members of the genera Marinobacter,
Alcanivorax, and to a lesser extent Alteromonas.
Marinobacter and Alcanivorax species were also enriched
in the CEWAF treatment, while the Corexit-only treatment
mainly stimulated growth of Alcanivorax spp. The deep-
water WAF amendment revealed a substantial enrichment
in members of the genus Marinobacter, whereas the two
Corexit-containing treatments (Corexit-only and CEWAF)
selected for psychrophilic Colwellia spp.

In addition to their ability to degrade hydrocarbons,
members of these genera are also known producers of EPS
(Casillo et al., 2018, and references therein). For instance,
Alteromonas isolates grown on marine broth and glu-
cose produced complex exopolysaccharides containing
structural compounds (fucose, rhamnose, glucose, galac-
tose, mannose, galacturonic acid and glucuronic acid; Le
Costaouéc et al., 2012) similar to those of the polysac-
charides used in this study. Alcanivorax spp. grown on
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alkane formed cell aggregates supported by enhanced
EPS production (Sabirova et al., 2011). Analysis of EPS
produced by Marinobacter isolates revealed high levels of
carbohydrates with a broad range of structural monosac-
charides (Caruso et al., 2019), including xylose (Bhaskar et
al,, 2005). Members of the genus Colwellia isolated from
cold waters and sediments produced cryoprotectant EPS
(Marx et al., 2009) as well as EPS enriched in deoxysugar-
containing polysaccharides (Casillo et al., 2017). The latter
are major components of particulate EPS and TEP (Mopper
et al., 1995; Zhou et al., 1998), which also formed in our
WAF amendments (Table 4).

For this study, we focused on the potential of hetero-
trophic microbial communities to degrade EPS compo-
nents (polysaccharides), assuming that most of the EPS
in the amended treatments were produced by primary
oil degraders in response to oil and Corexit. Exopolymers
produced by autotrophic organisms in the surface-water
experiment possibly played a minor role, as the roller bot-
tles were incubated in the dark. A potential priming effect
of deep-water communities by sinking organic carbon, and
thus a potential seasonal impact of hydrolysis patterns in
deep waters, is highly unlikely as POC export fluxes in the
investigation area are relatively low and decoupled from
primary productivity (Giering et al., 2018).

We assumed that oil- and Corexit-induced EPS fueled
activities of microbial communities not directly involved
in primary oil degradation (i.e, secondary consumers;
Head et al., 2006). Hydrolyis rates and patterns of the six
polysaccharide substrates measured here thus include
activities of non-oil degraders with broad metabolic
capabilities, such as members of Alphaproteobacteria
and Bacteriodetes that dominated bacterial community
composition in the two experiments (Malkin et al., 2019;
Kleindienst et al., 2015b). Polysaccharide hydrolysis pat-
terns were used to infer the types and structures of poly-
mers that microbes were capable of hydrolyzing, and by
inference were likely present in our incuabtions.
4.1. Polysaccharide hydrolysis patterns in the
surface-water roller bottles
Hydrolysis in the unamended surface-water treatment,
which was characterized by the full spectrum of polysac-
charide-hydrolyzing enzymes, was generally dominated by
laminarinase and xylanase activities. This pattern agrees
with our previous work on polysaccharide hydrolysis
in Gulf of Mexico surface waters (Ziervogel et al., 2011,
Steen et al., 2012). The ability to degrade laminarin (glu-
cose polymer) and xylan (xylose polymer) is widespread
among marine bacteria (Arnosti et al., 2011), as glucose
and xylose polymers are among the most abundant com-
ponents of the marine DOM pool (McCarthy et al., 1996),
including microbial EPS (Bhaskar et al., 2005; Alderkamp
et al., 2007; Casillo et al., 2018; Gutierrez et al., 2018; Xu
et al., 2018). In contrast, low or near-zero hydrolysis of
arabinogalactan (i.e., a mixed polymers of galactose and
arabinose; Table 1), as observed in our treatments, has
been reported in different marine environments (Arnosti
et al,, 2011), emphasizing that chemical complexity may
impede enzymatic degradation of specific substrates.
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Addition of WAF and Corexit-only resulted in more
focused enzymatic responses compared with the una-
mended and CEWAF roller bottles. Lowest diversity of
substrate hydrolysis was found in the WAF treatment,
indicating that oil-degrading microbes exposed to undis-
persed oil produced a somewhat narrow range of EPS. The
time courses of polysaccharide hydrolysis present further
evidence for compositional differences in the respective
EPS pools. While hydrolysis in the whole water, Corexit-
only,and CEWAF treatments at the first sampling time (day
3) were dominated by two or three of the six substrates,
substantial hydrolysis in the WAF treatment at the day-3
time point was dominated by fucoidan only (Figure 2).
In general, the time course over which a polysaccharide
was hydrolyzed in our experiments provides information
about the reaction time of the microbial community to
the input of a specific substrate, which could be fast if the
substrate was already present in the EPS pool. Thus, the
dominance of fucoidan hydrolysis in the WAF at day 3 sug-
gests that fucoidan, or polymers with a similar chemical
composition, comprised the major fraction of oil-induced
EPS at the end of the WAF incubation.

The dominance of sulfated deoxysugar-containing poly-
saccharides, a chemical description that fits fucoidan,
could also explain elevated TEP levels in the WAF relative
to the unamended treatment. A previous mesocosm study
with Gulf of Mexico surface waters found substantial lev-
els of fucose in particulate EPS from phytoplankton with
their associated bacterial communities exposed to oil and
Corexit (Xu et al., 2018). Similar patterns emerged in our
earlier study with GC600 surface waters, demonstrating
good correlation between TEP, microbial oil degradation
and hydrolytic enzyme activities (Ziervogel et al., 2014).
These findings together with the present results underline
the important role of particulate EPS/TEP in microbial oil
degradation cascades in the investigation area.

An alternative explanation for the reduced enzymatic
diversity and total hydrolysis rates in the WAF relative to
the other surface-water treatments could be that hydro-
lytic potentials were reduced due to lower bacterial abun-
dances in the presence of WAF. Bacterivorous grazers in
the source water, which were not removed prior to the
onset of the roller bottle experiment, may have responded
to the addition of oil and Corexit in a similar way as
described by Ortmann et al. (2012), who found an increase
in ciliate biomass following the addition of WAF to Gulf
of Mexico surface waters. In contrast, Corexit and CEWAF
inhibited growth of ciliates compared to their unamended
treatment.

Hydrolysis patterns in the Corexit-only treatment were
very similar those in the WAF roller bottles, suggesting
structural similarities within the two EPS pools. The dis-
persing agent Corexit is comprised of ~50% hydrocarbons
(King et al., 2015) that possibly underwent biodegradation
with the aid of EPS, including sulfated polysacchairdes
such as fucoidan. Laboratory studies demonstrated the
ability to break down hydrocarbon compounds of Corexit
by oil-degrading bacteria including Alcanivorax isolates
(Chakraborty et al., 2012), which were also present in our
roller bottles.
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Hydrolysis patterns in the CEWAF treatment differed
from the other amended treatments. Most notably, xylan
was rapidly hydrolyzed in the CEWAF, reaching overall
highest hydrolysis rates at day 3 (Figure 2). Kamalanathan
etal. (2018) also found greatly enhanced glucosidase activ-
ities in mesocosms with Gulf of Mexico waters amended
with CEWAF. The pattern observed here, which was dis-
tinct from the other treatments, indicates the presence of
xylose-containing polymers as part of the EPS produced
by oil-degraders such as Marinobacter (Baskar et al., 2005)
that were present in the CEWAF treatment (Malkin et al.,
2019). In addition, break-down products of Corexit could
have stimulated rapid xylan hydrolysis (see below).

4.2. Polysaccharide hydrolysis patterns in the
deep-water roller bottles

The addition of oil and Corexit stimulated production of
EPS, resulting in elevated summed hydrolysis rates in the
amended compared with the unamended roller bottles
(Figure 3). Most notably, all of our deep-water incuba-
tions showed a reduced spectrum of polysaccharide-
hydrolyzing enzymes, as fucoidan and arabinogalactan
remained unhydrolyzed during our time-course incuba-
tions (Figure 4). Using the same suite of subtrates, Steen
etal. (2012) could not detect pullulan and arabinogalactan
hydrolysis in deep Gulf of Mexico waters, while pulluan,
arabinogalactan, and fucoidan remained unhydrolyzed
in samples from deep-water hydrocarbon plumes during
the DWH spill (Ziervogel and Arnosti, 2016). In the pre-
sent study, the lack of fucoidan hydrolysis, in particular,
indicates fundamental structural differences between the
deep-water and surface-water EPS pools.

While fucoidan hydrolysis was not detectable, chondroi-
tin sulfate hydrolysis was rapid (detectable at day 3 in WAF
and Corexit-only) and substantial (overall highest rates in
CEWAF at day 7) in the deep-water amendments. These dif-
ferences in substrate specificities between the surface- and
deep-water roller bottles may be at least in part the result
of the extended incubation times of the latter (6 weeks for
deep water vs. 8 days for surface water). During that time
biodegradation of undispersed oil in the WAF was substan-
tial (Kleindienst et al., 2015b), resulting in the accumulation
of EPS in the form of TEP, which were orders of magnitude
higher compared with the surface-water WAF, reaching lev-
els comparable to highly productive coastal environments
(e.g, Najdek et al., 2011). Elevated levels of TEP in the deep-
water amendments stimulated activities of enzymes capa-
ble of degrading polymers enriched in uronic acids, such as
chondroitin sulfate, and polymers enriched in glucose (lami-
narin and pullulan; Figure 4). Both glucose and uronic acids
are often abundant in microbial EPS (Baskar et al., 2005),
including those induced by oil and Corexit (Xu et al., 2018).

Similar to fucoidan, chondroitin is a sulfated polymer
(Table 1); thus hydrolysis of chondroitin in the Corexit-
containing roller bottles may reflect enzymatic responses
to degradation byproducts of Corexit that were enriched in
sulfur-containing substances, accumulating throughout
the roller bottle incubation (Seidel et al., 2016). The fact
that the sulfur-containing organic matter did not result
in hydrolysis of fucoidan reflects structural specificities
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of bacterial organic matter involved in oil and Corexit
degradation.

Results from our hydrolysis time courses revealed rapid
and substantial xylanase activities in the two Corexit-
containing treatments, similar to the surface-water CEWAF.
Our previous work also revealed rapid xylan hydrolysis in
Gulf of Mexico deep-waters sampled within deep hydro-
carbon plumes during the 2010 DWH spill (Ziervogel and
Arnosti, 2016). Moreover, Lu et al. (2012) reported a higher
presence of genes associated with the degradation of
high molecular weight carbohydrates, including xylan, in
deep-water plume-associated compared with non-plume
associated microbial communities. Thus elevated xylan
hydrolysis could be a common pattern in deep-waters
containing chemically-dispersed oil, reflecting specific
compounds within the pool of microbial EPS and/or
degradation byproducts of Corexit.

5. Conclusions

Our results of polysaccharide hydrolysis provide insights
into potential enzymatic responses of heterotrophic
microbial communities to organic matter that formed
during oil degradation, including EPS that serves as biosur-
factants for oil-degrading bacterial populations. Surface-
and deep-water communities showed distinct patterns of
polysaccharide hydrolysis. In addition to compositional
differences within the respective EPS pools, variations
in oil-degrading bacterial populations may have affected
hydrolytic potentials in the surface- and deep-water roller
bottles. The most notable difference was the enrichment of
the genus Colwellia in the Corexit-containing deep-water
roller bottles (Kleindienst et al., 2015b). Members of the
genus Colwellia were not detectable in the surface-water
amendments (Malkin et al., 2019) but were found during
the DWH spill in the deep-water hydrocarbon plumes con-
taining particulate EPS (Baelum et al., 2012). In addition to
EPS production and hydrocarbon degradation, Colwellia
spp. are capable of degrading Corexit components (e.g.,
Chakraborty et al., 2012), a trait that could explain at least
in part the observed differences in hydrolysis patterns
between the Corexit-containing surface-water and deep-
water roller bottles.

Other factors that may have affected the observed dif-
ferences in hydrolysis patterns between the two roller
bottle experiments include differences in roller bottle
incubation times as well as the levels of oil and Corexit
added to the source water (Table S1). Moreover activities
of surface-water communities were limited by inorganic
nutrients, as discussed in Malkin et al. (2019), and subject
to eukaryotic grazers with different outcomes in the pres-
ence and absence of Corexit, as discussed above. Despite
these factors that complicate a direct comparison of the
two experiments, our results indicate an overall enhance-
ment of polysaccharide hydrolysis in deep waters whereas
degradation patterns in surface waters may be more
complex.

Our model calculation of TEP-C turnover helps to
interpret hydrolysis patterns with respect to the fate of
EPS in oil-contaminated waters (Figure 5). Lower cal-
culated turnover rates of TEP-C in the presence of WAF
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indicate that only a small fraction of oil-induced TEP-C is
available for processing by heterotrophic communities
throughout the water column. Particulate EPS may thus
accumulate in the presence of oil and Corexit as demon-
strated by other recent laboratory experiments with Gulf
of Mexico waters (e.g., Xu et al., 2018). High levels of TEP
in oil-contaminated waters may then enhance the ‘sticki-
ness’ of particulate matter, accelerating particle forma-
tion and the aggregation of marine oil snow (Passow,
2016) with consequences for the fate of spilled oil in the
ocean.
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