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The composition of bacteria inhabiting the sea-surface microlayer (SML) is poorly
characterized globally and yet undescribed for the Southern Ocean, despite their
relevance for the biogeochemistry of the surface ocean. We report the abundances
and diversity of bacteria inhabiting the SML and the subsurface waters (SSL)
determined from a unique sample set from a polar coastal ecosystem (Livingston
Island, Antarctica). From early to late austral summer (January-March 2018), we
consistently found a higher abundance of bacteria in the SML than in the SSL. The
SML was enriched in some Gammaproteobacteria genus such as Pseudoalteromonas,
Pseudomonas, and Colwellia, known to degrade a wide range of semivolatile,
hydrophobic, and surfactant-like organic pollutants. Hydrocarbons and other synthetic
chemicals including surfactants, such as perfluoroalkyl substances (PFAS), reach remote
marine environments by atmospheric transport and deposition and by oceanic currents,
and are known to accumulate in the SML. Relative abundances of specific SML-
enriched bacterial groups were significantly correlated to concentrations of PFASSs, taken
as a proxy of hydrophobic anthropogenic pollutants present in the SML and its stability.
Our observations provide evidence for an important pollutant-bacteria interaction in the
marine SML. Given that pollutant emissions have increased during the Anthropocene,
our results point to the need to assess chemical pollution as a factor modulating marine
microbiomes in the contemporaneous and future oceans.

Keywords: sea-surface microlayer, microbial communities, organic pollutants, surfactants, amplicon sequencing,
bacterioneuston, ADOC

INTRODUCTION

The sea surface microlayer (SML) is the uppermost top layer of the marine water column and
constitutes the boundary layer where gases and particles exchange between the sea and the
atmosphere (Garbe et al., 2014). As a microenvironment thinner than 1000 pm, the SML exhibits
distinct, extreme and variable physicochemical and biological features compared to those in
the underlying bulk water. The structure and function of SML bacterial residents, known as
bacterioneuston (Naumann, 1917), have been poorly characterized, probably due to logistical
limitations and the difficulties for sampling the SML. However, the bacterioneuston is thought to
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play a central role in the mediation of many air-sea exchange
interactions and biogeochemical and climate-related processes
at regional and global scales (Kuznetsova and Lee, 2001;
Brooks et al., 2009; Nakajima et al., 2013). Far from being a
benevolent habitat for microbial life, bacterioneuston withstand
intense environmental stressors such as harsh ultra-violet (UV)
radiation, wind speed driven turbulences, temperature and
salinity gradients, as well as the enrichment of toxic persistent
compounds such as heavy metals or hydrophobic organic
pollutants (OP) (Guerin, 1989; Wurl and Obbard, 2004; Agogué
et al., 2005; Cincinelli et al., 2005; Garcia-Flor et al., 2005; Ju
et al., 2008; Wurl and Holmes, 2008; Stolle et al., 2011; Cunliffe
et al., 2013; Engel et al, 2018; Rahlff et al., 2019). In the
SML, in addition to an accumulation of hydrophobic organic
compounds, there is an enrichment of organic matter (OM)
with surfactant properties, both anthropogenic and biogenic.
The accumulation of these pools of OM in the SML, which
under calm meteorological conditions can even form visible
aggregates or surface slicks, can promote bacterial growth
(Stolle et al., 2011; Cunliffe et al., 2013; Kurata et al., 2016;
Sabbaghzadeh et al., 2017; Engel et al., 2018; Parks et al., 2020).
For instance, fast peptide turnovers (Kuznetsova and Lee, 2001)
or degradation of hydrocarbons (Coelho et al., 2011) have been
observed in the SML.

In terms of community composition, high similarity between
subsurface layer (SSL) and SML bacterial community structure
have been observed in a number of oceanic regions (Agogué et al.,
2005; Obernosterer et al., 2005; Fan et al., 2018; Zancker et al,,
2018), possibly caused by disruption of the SML and mixing with
underlying waters. Uncoupling between bacterioplankton and
bacterioneuston community compositions have been observed
under low wind speeds conditions and visible surface slicks
(Stolle et al., 2010). As bacterioneuston communities can be
transferred from the SML into the atmosphere through sea-spray
aerosol, then subject to atmospheric transport, the composition
of the SML is a key factor for the regional and global microbial
dispersion (Aller et al., 2005; Hervas and Casamayor, 2009; Mayol
etal., 2014, 2017; Michaud et al., 2018).

The SML is also a direct recipient of atmospherically
deposited aerosols, which have been shown to trigger community
dissimilarities between SML and SSL bacterial populations in
other regions, due to effects of nutrient inputs (Vila-Costa
et al.,, 2013; Astrahan et al., 2016; Marin-Beltran et al., 2019)
and pollination events (Sodergren, 1987) on bacterioneuston.
The diffusive atmosphere-ocean exchange and snow deposition
are the main sources of not only semivolatile OP, such as
Polycyclic Aromatic Hydrocarbons (PAH) and polychlorinated
biphenyls (Galban-Malagén et al., 2013; Casal et al., 2018, 2019),
but also other hydrophobic and surfactant-like OPs such as
perfluoroalkylsubstances (Casal et al., 2017). All these OP become
part of the anthropogenic dissolved organic carbon (ADOC)
(Vila-Costa et al., 2020) pool, which due to its hydrophobic
and surfactant-like properties is enriched in the SML (Cincinelli
et al., 2005; Stortini et al., 2009; Casas et al., 2020). The
accumulation of ADOC and other surfactant-like organic matter
is driven by rising bubbles with chemicals accumulated at the air-
water interface and by ADOC attachment to buoyant particles

from subsurface waters (Hunter, 2009). Removal processes of
ADOC in the SML are volatilization and sea-spray aerosolization
(Ehrenhauser et al., 2014), photodegradation (King et al., 2014;
Yuan et al., 2019), settling of particulate matter, and microbial
degradation (Coelho et al., 2011, 2013).

Ocean microbiomes harbor a subset of bacteria known to play
a central role in the biodegradation of ADOC (Head et al., 2006;
Berry and Gutierrez, 2017). Acute pollution events, as well as
research with isolates, have revealed the genetic battery required
for degradation of various families of ADOC constituents by
specific taxa, as well as some of the degradation pathways
mediated by these strains (Head et al., 2006; Takahashi et al., 2013;
Dombrowski et al., 2016). A key microbial strategy that influences
the bioavailability of ADOC is the bacterial production of
biosurfactants, amphiphilic biomolecules encompassing a large
spectrum of chemical families, that facilitate the solubilization
and emulsification of ADOC compounds, mostly hydrophobic,
or by changing the properties of the bacterial cell wall
(Matvyeyeva et al., 2014; Andualem Bezza and Chirwa, 2015;
Wittgens et al.,, 2017). The accumulation of amphiphilic and
hydrophobic compounds in the SML modifies its surface tension,
thus modifying the rate of air-water diffusive exchange of
gases (Salter et al., 2009; Kurata et al., 2016) and atmospheric
deposition of aerosols (Del Vento and Dachs, 2007). All these
processes depict the SML as a highly dynamic system for
interactions between organic matter and bacterioneuston (Wurl
and Obbard, 2004), which has not yet been studied in depth, and
never addressed for the Southern Ocean.

The goal of this study was to better understand the
temporal dynamics and main environmental drivers of bacterial
abundance and community composition in the SML in the
maritime Antarctica. This was done by comparing, for the first
time, SML and SSL community taxonomical structure during the
nutrient-rich upwelling summer season in South Bay (Livingston
Island, Antarctica). We characterized microbial communities
by flow cytometry and 16S rRNA gene sequencing, and
correlated the data with different water and air physicochemical
variables, as well as perfluoroalkyl substances, taken as surrogates
of hydrophobic and surfactant organic matter, as well as
the SML stability.

MATERIALS AND METHODS

Site Description and Sampling

Samples were collected during austral summertime 2018, from
January 8th to March 1st, at the South Bay of Livingston Island
(South Shetland, Antarctica, 62° 39" S, 60° 23> W). SML and
SSL sampling was conducted from a rigid inflatable boat at
five different locations (Figure 1 and Supplementary Table S1).
Physicochemical parameters were measured at each sampling
station with a CTD probe. The SML was sampled with a glass
plate SML sampler. This method was first described by Harvey
and Burzell (1972) and has been used in a number of studies
for sampling organic matter, microorganisms, surfactants, and
organic pollutants related to SML investigations (Knulst et al.,
2003; Garcia-Flor et al.,, 2005; Ju et al., 2008). The pre rinsed
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FIGURE 1 | Location of the sampling stations for the SML and SSL at South Bay of Livingston Island (South Shetlands, Antarctica).

plate (40 x 30 cm) was inserted vertically into the water, and
then withdrawn slowly allowing the SML adhere onto the glass
plate. The glass plate containing the SML sample was then wiped
between two polypropylene (PP) plates draining the sample into
PP bottles. This process was repeated until obtaining a volume
of 1.5 L of SML water. Subsurface layer seawater samples were
collected in 2 L PP bottles by submerging the bottles and opening
it at 0.5 m depth.

Meteorological Data

The meteorological parameters were provided by the Spanish
Meteorological Agency (AEMET) and measured at the
meteorological station at Livingston Island (62°39'46.2”S
60°23/24.6"W). The values were averaged coinciding, roughly,
with the sampling hours (From 9 am to 11.30 am).

Prokaryotic Cell Abundance
Subsamples of 1.8 mL for quantification of abundances of
prokaryotes were fixed with 1% buffered paraformaldehyde

solution (pH 7.0) plus 0.05% glutaraldehyde, left at room
temperature in the dark for 10 min, and frozen and stored
at —80°C until further processing. Prokaryotic cell abundance
was estimated by flow cytometry as described elsewhere
(Gasol and Moran, 2015).

Perfluoroalkyl Compounds Extraction
and Detection

SML and SSL samples were taken simultaneously to the
samples used for bacterial analysis. Seawater was analyzed
as reported previously (Casal et al., 2017). Briefly, samples
were filtered through pre-combusted glass fiber filters (47 mm,
GF/F Whatman). The analytes were extracted using solid phase
extraction (SPE) with OASIS WAX cartridges (Waters). After
loading 500 mL of SML water and 2 L of SSL water through
the cartridges, these were stored at —20°C in sealed bags until
their elution with methanol, followed by methanol containing
0.1% ammonia in an ultraclean laboratory. PFAS analysis
was performed by Ultra Performance Liquid Chromatography
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tandem triple quadrupole mass spectrometry (UPLC-MS/MS)
based on an established method with minor modifications
(Gonzalez-Gaya et al., 2014). Details of methods and results of
PFAS in the SML and SSL are reported and discussed elsewhere
(Casas et al., 2020) and used here when needed.

Nutrients

Sub-samples (15 mL) were taken and kept at —20°C for analyzing
dissolved inorganic nutrients, nitrate + nitrite (NO_3 + NO_,),
ammonium (NH4~) and Phosphate (PO43~). Analyses were
done by standard segmented flow with colorimetric detection
(Grasshoft et al., 1999) using a SEAL Analyzer AA3 HR.
H3PO4 was added to acidify the sample to pH 2 and the
ampoules were heat-sealed and stored in the dark at 4°C until
analysis. Samples were measured with a SHIMADZU TOC-
5000 analyzer, following the high-temperature catalytic oxidation
(HTCO) technique (Cauwet, 1994). For the inorganic nutrients
analysis, detection limits (defined as three times the standard
deviation of 10 replicates at 50% diluted samples) were 0.006
uM for NO_3, 0.003 uM for NO_5, 0.003 wM for NH,4™, and
0.01 M for PO4>~.

DNA Extraction, Library Preparation, and
Taxonomical Identification of 16S rDNA
Amplicons

Samples for 16S rDNA library construction were collected from
SML and SSL. 400 mL of each sample were prefiltered through
3 pm pore-size 47 mm diameter polytetrafluoroethylene filters
(Millipore, Billerica, MA) to remove grazers and the particle-
attached living fraction, and sequentially onto 0.2 pm pore-size
47 mm PTFE (Millipore, Billerica, MA) under filters to capture
the free-living bacteria cells fraction, using a peristaltic pump
with a flow of <50 mL min~!.

Each filter was placed in 1 mL lysis buffer (50 mM Tris
HCI, 40 mM EDTA, 0.75 M sucrose). All filters were stored at
-20°C until further processing. After unthawing samples were
incubated with lysozyme, proteinase K and sodium dodecyl
sulfate (SDS), and nucleic acids were extracted simultaneously
with phenol/chloroform/isoamyl alcohol (25: 24: 1 vol: vol:
vol) and with chloroform/isoamyl alcohol (24: 1, vol: vol) as
described in Vila-Costa et al. (2013). The resulting solution
was concentrated to 200 pL using an Amicon Ultra 10-kDa
filter unit (Millipore). Partial bacterial 16S gene fragments of
both DNA were amplified using primers 515{/926r (Parada
et al,, 2016) plus adaptors for Illumina MiSeq sequencing. The
PCR reaction mixture was thermocycled at 95°C for 3 min,
30 cycles at 95°C for 45 s, 50°C for 45 s, and 68°C for 90 s,
followed by a final extension of 5 min at 68°C. PCR amplicon
sizes were checked in tris- acetate-EDTA (TAE) agarose gels.
Illumina MiSeq sequencing was conducted at the Pompeu Fabra
University Sequencing Service.

Bioinformatics

DADA2 v1.4 was used to differentiate the 16S V4-5 amplicon
sequence variants (ASVs) and remove chimeras (parameters:
maxN = 0, maxEE = 2.4, trunclen = 227,210; Callahan et al.,

2016). DADAZ2 resolves ASVs by modeling the errors in Illumina-
sequenced amplicon reads. The approach is threshold-free,
inferring exact variants up to one nucleotide difference using
the quality score distribution in a probability model. Previously,
spurious sequences and primers were trimmed using cutadapt
v.1.16 (Martin, 2011). Taxonomic assignment of the ASVs
was performed with the RDP algorithm classifier against RDP
database release 11.5 (Cole et al., 2014). ASVs classified as
Mitochondria or Chloroplast were removed. The final ASV table
contained 46 samples, obtaining for the entire sample set 549,256
amplicon sequence variants (ASV) from 16S rRNA gene V4-5
fragments, from which 12,769 were unique. Unique bacterial ASV
averaged 291 and 267 per sample in SML and SSL, respectively.

Statistical Analyses

Statistically significant differences between layers of abiotic and
biotic parameters were assessed by Wilcoxon signed-rank test
(p < 0.05) using the wilcox.test() function from “dplyr” package
in R. Package “ggpubr” was used for spearman correlations
significance (p < 0.05) and the bivariate plots from the
spearman significant correlations. Shannon Diversity indexes
were calculated with diversity() function from “vegan v1.4-4”
package. Further graphs were carried out using the “ggplot2”
package, also in R environment (Wickham, 2009). Enrichment
factors in the SML were calculated as the ratio between absolute
values in the SML respect to the SSL. Absolute values were
calculated multiplying the 16S relative values of each group
by the absolute counts of total bacteria obtained by flow
cytometry. Fold changes were calculated similarly using the 16S
relative values with function foldchange() from “gtools” package
(R Core Team, 2014).

RESULTS AND DISCUSSION

Characterization of the Sampling Domain
The SML and SSL samples were collected during the Austral
summer, from early January to early March in 2018, at
five sampling sites of South Bay, Livingston Island (South
Shetlands), representative of the maritime Antarctica (Figure 1
and Supplementary Table S1). Over the sampling period,
sea surface temperature (SST) averaged 1.7 £ 0.4°C, and
atmospheric temperature and solar radiation were 2.6 £ 1.07°C
and 62.9 + 47.46 Wm™2, respectively (Supplementary Tables
S2, S3). Surface seawater from the three most coastal sites (St-
3, St-4, and St-5), influenced by terrestrial inputs such as glacial
meltdown runoff during the summer season, averaged 33.5 & 0.2
PSU for salinity, 7.7 & 2 FTU for turbidity and 1.6 & 0.2°C for
SST. These values were statistically different (p < 0.05, Student’s
t-test) than those from the most off-shore sites (St-1 and St-2)
which averaged in surface waters 34.0 & 0.4 PSU for salinity,
4.4 + 1.4 FTU for turbidity, and 2.1 £ 0.5°C for SST.

During summer months, strong upwelling events are caused
by the Antarctic divergence and westerly winds inducing
nutrient rich waters. Dissolved inorganic nitrogen and phosphate
measures were within the range of those previously reported
in Antarctic surface waters (<10 m) during summer months
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(Garcia et al, 2013), confirming a non-limited nutrient
system. Averaged phosphate (PO4>~) concentrations showed a
significant enrichment in the SML (1.7 £ 0.2 pwmolL~! at SML
and 1.4 & 0.3 wmolL~! at SSL, P = 0.027, Paired Wilcoxon test).
Conversely, Nitrate + nitrite (NO_3 4+ NO_;) concentrations in
the SML were not significantly different than in the SSL (averaged
22 + 4.1 pmolL~! at SML and 19.1 & 5.4 pmolL ™! at SSL), and
ammonium (NH, ™) showed a large variability across the dataset
(averaged 4.3 £ 3.7 pmolL~! at SML and 6.3 & 7 wmolL™! at
SSL) (Supplementary Table S4 and Supplementary Figure S1).

The level of pollution by anthropogenic dissolved organic
carbon was tracked by taking the concentrations of perfluoroalkyl
substances (PFASs) as a proxy of ADOC. PFAS are organic
synthetic compounds globally distributed by oceanic currents
and by atmospheric transport through marine aerosols and
deposition (Casal et al., 2017). PFAS were measured for the
same set of samples than bacterioneuston (Casas et al., 2020).
Thanks to their amphiphilic nature, PFAS have surfactant
properties. In addition, PFAS have been shown to accumulate
in planktonic organisms (Casal et al., 2017) due to their
hydrophobicity. PFAS also accumulate in the SML (Casas et al.,
2020). Surfactants have often been used as surrogates of the
occurrence of the SML and its stability (Biffinger et al., 2004;
Ju et al., 2008), thus we took PFAS as proxy of a developed
SML enriched in ADOC. Specifically, we take the common
perfluorooctaesulfonic acid (PFOS) as proxy of a surfactant and
anthropogenic chemical. Recently, this compound has also been
found to be partially degradable by Antarctic bacteria through

desulfurization (Cerro-Galvez et al., 2020). PFOS concentrations
were significantly higher in the SML than in the SSL (50.3 = 50.8
pgL™! and 16.5 & 8.7 pgL~! respectively, paired Wilcoxon
test, p = 0.009). The concentrations in the SSL are comparable
to those reported for this region previously (Casal et al,
2017), and in some regions of the Atlantic, Pacific and
Indian Oceans (Gonzalez-Gaya et al., 2014). Enrichment factors
(EF), defined as the ratio of PFOS concentration in the
SML over the SSL, fluctuated from 1.2 up to 26.3 along the
time series. PFOS concentration peaked on 27/01/2018 at 230
pgl~! at the SML, indicating a very high stable event at
the SML over the period 22/01/2018 - 03/02/2018, coinciding
with a peak of SST (2.47-1.87°C), atmospheric temperature
(2.7-5.6°C) and solar radiation (153.8-136.6 Wm™2) on the
27/01/2018 and 28/01/2018. Contrasting with these conditions,
on 20/01/2018, 08/02/2018 and 16/02/2018 minor differences
between PFOS concentration at both layers were found,
consistent with disruption of the SML, possibly caused by
wind speed (>5 ms™!), yielding low SML stability and a
breakdown of surface stratification (Supplementary Table S4 and
Supplementary Figure S1).

Structure of Bacterioneuston and

Bacterioplankton Communities

Pairs of SML and SSL samples showed a significant higher
bacterial abundance for bacterioneuston compared to
bacterioplankton in all samples (Paired Wilcoxon test, P = 0.004),
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consistent with observations from other oceanic regions and
freshwaters (Cunliffe et al., 2013). Enrichment factors averaged
9.1 = 5.8 for total bacterial abundance. For high and low nucleic
acid bacteria (HNA and LNA), the average abundances were
7.6 x 10° £ 2.8 x 10° cells ml™! and 6.4 x 10° + 1.5 x 10°
cells ml~! for SML, and 1.4 x 10° £ 6.7 x 10* cells ml~! and
4.8 x 10 £ 2 x 10* cells ml~! for SSL (Figure 2), respectively.
Significant higher enrichment factors were observed for LNA
cells compared to HNA cells, with an average 16.8 & 10.6 for
LNA, and 6.7 £ 5.1 for HNA. LNA bacteria, with smaller cell
size and lower DNA content, have usually been regarded as the
inactive fraction of the microbial community, with observed
lower LNA specific growth rates and lower production of cell
numbers in enrichment cultures compared to HNA (Wang
et al., 2009; Vila-Costa et al.,, 2012). Higher LNA enrichment
in the SML could be explained by the smaller cell size of this
bacterial fraction, which becomes an advantageous trait for
vertical transportation from subsurface waters and accumulation
at the top surface layer (Michaud et al., 2018).

Significant differences of 16S amplicon sequence variants
(ASVs) distribution were observed between sampling stations
consistent with the pattern observed with physical and
chemical parameters (Permanova test, p = 0.001, Supplementary
Figure S2). While Layer (SML vs. SSL) appeared as a modest,
yet significant, source of variability (P = 0.044), the interaction
of both, sampling Station and Layer, accounted for a significant
principal factor of variation (P = 0.001). Concerning the
biodiversity, the Shannon index averaged 3.7 £ 0.7 at the SML,
and 3.6 £ 0.6 at the SSL. Cell abundances were not significantly
correlated to 16S diversity indices as it has been observed for the
SML at other sites (Zdncker et al., 2018). This suggests a common
core microbiome, enriched in the SML, and a limited number of
taxa differentiating between layers and sites.

Bacterial assemblages were dominated by Flavobacteriia
(305 4+ 95% at SML and 30.1 =+ 10.1% at SSL),
Gammaproteobacteria (26.8 &= 15% at SML and 26.2 & 16.6% at
SSL), SARI1 clade (17.2 £ 7.9% at SML and 16.1 &= 9.2% at SSL)
and Rhodobacterales (15.5 + 8.1% at SML and 13.1 £ 5% at SSL)
(Supplementary Figure S3). The bacterial composition of SSL
was similar to those described previously in this region (Wilkins
et al., 2013; Cavicchioli, 2015).

Both the SML and SSL microbiomes included genera with
known facultative and obligate ADOC degraders (AD) strains,
some of them also associated with biosurfactant production
(see Supplementary Table S5 for details). Relative to the total
bacterial community, AD averaged 12.3 £ 10.2% at SML and
10.3 &+ 7.6% at SSL (for relative abundances of AD within their
taxonomical group see Supplementary Figure $4).

At a finer taxonomic resolution, higher relative abundances
of specific AD bacteria, known to be stimulated under high
ADOC concentrations, were observed at the SML. The fold
change of these groups in the SML vs. the SSL ranged
from 1.5 to 50 (Figures 3, 4). Specifically, on average,
significant higher relative abundances were observed for
Gammaproteobacteria AD (FC = 10.26) and Flavobacteriia AD
(FC = 1.68) (Wilcoxon paired data test p < 0.05). Other
ADOC associated taxonomical groups with >2-fold increase
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¢}
o
[ ]
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Sl ® Gammaproteobacteria AD
® Alteromonadales
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FIGURE 3 | Relative abundances in the SML vs. SSL for selected taxa.
Flavobactereiia AD and Gammaproteobacteria AD were significantly enriched
in the SML, while Alteromonadales, Sphingomonadales and Caulobacterales
presented high positive fold changes in the SML (FC > 2). Notice the
logarithmic scale of the axes. Data points on the 1:1 dashed line indicate
equal contribution to the 16S ASV pool.

in relative abundances at the SML for the overall data set
were Alteromonadales (FC = 6.4), Caulobacterales (FC = 2.5),
and Sphingomonadales (FC = 2.16) (Figure 3). Further, in
a day-by-day basis, some gammaproteobacterial groups were
systematically highly enriched at SML during the austral summer
(Figure 4). Gammaproteobacteria AD and the ADOC-associated
orders Alteromonadales and Pseudomonadales, taken separately,
showed fold changes from >5 to >50 over various sampling
days at the SML, and Pseudoalteromonas, Colwellia, Pseudomonas
bloomed at the SML from 24th January onward. Colwellia,
Pseudomonas, and Pseudoalteromanas are generalist strains with
rapid facultative degrading capabilities toward ADOC, but also
prompt to degrade other dissolved organic matter compounds.
Colwellia have been described as abundant and fast responder
following ADOC background concentration exposures in polar
environments (Cerro-Gélvez et al, 2019), and to oil spills
in marine environments (Gutierrez et al., 2013; Dombrowski
et al., 2016; Lofthus et al., 2018; Vergeynst et al., 2018). In
fact, Colwellia single cell assembled genomes (SAGs) retrieved
from contaminated marine sites have revealed a more specific
metabolic activity toward aromatic hydrocarbons, as well as a full
set of genes involved with chemotaxis, motility and adaptations
to cold environments such as Antarctica (Mason et al., 2014).

As some of these taxa are not obligate ADOC consumers, it
is relevant to address whether the SML is enriched in dissolved
organic carbon (DOC) or only in ADOC and biosurfactants.
Previous works have shown that DOC in seawater from this
region had values of 62 4+ 7 pmol C L', while DOC
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concentrations in the SML were of 69 & 11 wmol C L~! (Calleja
et al., 2009; Ruiz-Halpern et al., 2014). So the differences in
concentrations are small in terms of bulk DOC. In Antarctica,
several works have reported the enrichment of hydrophobic
pollutants in the Southern Ocean SML, such as for n-alkanes,
PAHs, PCBs, PFAS and phthalates (Cincinelli et al., 2005; Stortini
etal., 2009; Casas et al., 2020). A recent work for the Arctic ocean
(Chance et al., 2018), did find a specific enrichment of surfactant-
like substances in the SML, but not of the total pool of DOC.
These reports suggest that the moderate reported enrichment of
DOC in the SML, when occurring, may be mostly driven by the
fractions of hydrophobic and surfactant-like DOC, but probably
not other pools of DOC.

Environmental Drivers of Community
Compositions. Can Anthropogenic and
Surfactant-Like Organic Compounds
Modulate Bacterioneuston

Communities?

Bacterioneuston ~community composition is controlled
by physicochemical and biological parameters, including
nutrient concentrations, phytoplankton assemblages and their

exudates (Taylor et al, 2014). Bivariate correlations between
environmental and bacterial composition variables, considering
all measures in the SML and SSL, show that phosphate
concentrations were positively correlated to most of the
taxonomical groups, and significantly to specific Flavobacteriia
AD, while ammonia concentrations were negatively correlated
to Bacteroidetes phyla, Flavobacteriia, Alphaproteobacteria,
SARI1 Clade and Actinobacteria, pointing to the pivotal
role of nutrients as key drivers of microbial compositions
(Figure 5; Allen et al., 2012; Cavicchioli, 2015). Further, relative
abundances of Alteromonadales and Gammaproteobacteria
AD were positively correlated to concentrations of PFOS
and other PFAS (Spearman correlation, p < 0.05, Figure 5).
Also, Perfluorohexanoic acid (PFHXA) correlated negatively
to dominant Rhodobacterales and alphaproteobacterial AD,
suggesting toxic consequences of part of ADOC toward
these taxa. These correlations are consistent with ADOC
modulating the structure of community composition and is
aligns with the dual effect of ADOC compounds on marine
microorganisms (Head et al., 2006; Rodriguez et al., 2018).
From one side, ADOC can be a source of nutrients and organic
carbon, and on the contrary, ADOC compounds can induce
toxicity to bacteria (see e.g., Cerro-Galvez et al, 2019, 2020;
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Vila-Costa et al., 2019). Our observations are consistent with
previously documented microbial responses triggered by
ADOC pollution events and in chronically polluted marine
environments (Head et al., 2006; Hazen et al., 2010; Rivers et al.,
2013; Joye et al., 2016).

The specific SML highly enriched taxa, Gammaproteobacteria
AD and Flavobacteriia AD, but also ADOC-associated orders
such as Alteromonadales and Pseudomonadales, coincide with
those taxonomical groups not only known to be capable of
degrading ADOC (such as hydrocarbons) or that have been
observed to be stimulated by the presence of oil (Hazen
et al,, 2010; Neethu et al,, 2019) but also with a described
resistance to oxidative stress situations such as those originated
by UV radiation (Alonso-Sdez et al., 2006; Ruiz-Gonzalez
et al., 2013; Svenningsen et al., 2015). The presence of ROS-
resistant ADOC-degrading bacterioneuston have been reported
in other studies in aquatic environments, proving ADOC
metabolism at the SML (Guerin, 1989; Coelho et al., 2011).

To our knowledge, this is the first report of their occurrence
in polar regions.

The consistently significant higher enrichment of taxon-
specific ADOC degraders at the SML than other taxa in a
day-by-day basis coincides with the taxa found at low relative
abundances (<3%) in the underlying SSL (examples of these
are: on the 25/01/2018 Pseudomonas accounted for 6.3% at SML
and 0.1% at the SSL; on the 16/02/2018 Pseudoalteromonas
accounted for 46.2% at SML and 0.03% at SSL, among others).
This is consistent with the observed growth of ADOC stimulated
rare biosphere after oil spills and under ADOC exposure at
environmental levels (Wang et al, 2017; Cerro-Galvez et al,
2019). This large repository of dormant and low abundance
bacterial taxa are part of a local seed bank which specially benefits
from ecosystem variations such as sudden growth substrate
availability or environmental advantageous conditions (Galand
and Logares, 2019). The large temporal and spatial variability of
the SML may favor the occasional or opportunistic growth of
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these taxa. In our data set, low abundant taxa (<3%) represented
a pool of 2433 and 2546 unique ASVs at the SML and SSL
respectively, with 718 ASV shared between both low abundance
ASV pools (Figure 6). On the other side, abundant ASVs pools
included 18 unique ASV for both layers, and all of them were also
present at the low abundance ASV pools. These results point to
a rapid growth of opportunist or specialist species at the SML,
possibly recruited and transported vertically from the underlying
bulk water low abundance biosphere, and with the required
resistance traits or fast UV-repair mechanism to withstand SML
extreme environmental conditions.

Many of the taxa described as ADOC degraders have also
been reported to be biosurfactant producers (Supplementary
Table S5). Biosurfactants play a role by both promoting ADOC
degradation and their detoxification. On the other hand, their
amphiphilic properties favor their accumulation in the surface
microlayer. The observation of large enrichments of ADOC
degrading taxa may lead to a dynamic synergistic interaction
between bacteria, pollutants and surfactants. The latter may also
have contributions from other planktonic groups (Zutic et al.,
1981; Wurl et al., 2009). All these processes may show a synergy
favoring the fast turnover of ADOC in the marine environment,
and future work is required to elucidate its relevance.

CONCLUSION

We analyzed the bacterial community composition and
abundance in paired SML and SSL samples over the austral
summer in coastal seawater of Livingston Island (South
Shetlands, Antarctica), together with chemical and physical
measurements. Whereas total bacterial abundances were higher
in the SML than in the SSL, both layers shared a similar taxa
composition, which varied spatially among sampling sites. The
main significant differences between SML and SSL samples
from the same site corresponded to higher relative abundances
at the SML of taxa reported to be ADOC degraders, such
as Gammaproteobacteria AD and Flavobacteriia AD, and
ADOC-associated orders Alteromonadales, Caulobacterales and
Sphingomonadales. These taxa showed remarkably higher SML
enrichments than the rest of the microbiome. In a day-by-day
analysis, we observed that specific gammaproteobacteria taxa
were systematically enriched at the SML, while the same taxa were
found at low relative abundances in the underlying bulk water,
supporting the hypothesis that bacterioneuston composition
might be directly sourced from differing adjacent environments
indigenous bacterial communities belonging to a low abundant
or even rare biosphere. We found significant positive correlations
between the relative abundances of Alteromonadales,
Gammaproteobacteria AD and Sphinogmonadales and the
concentrations of PFOS, used as a proxy of hydrophobic and
surfactant-like ADOC. These results suggested that ADOC
is a vector modulating bacterial compositions in the SML.
While UV radiation, wind speed and organic matter have been
proposed as the main influences determining bacterioneuston
community composition (Agogué et al, 2005; Stolle et al,
2011; Rahlff et al,, 2019), our findings provide field evidence

that ADOC accumulation at the SML could also be another,
although neglected, community composition driver. ADOC, as
a double-edged sword, can become potential growth substrate
for microorganisms, but also act as a toxic agent and hamper
bacterial growth of other taxa. Our results suggest that, due to
its unique interphase position, SML will respond sensitively to
an increasing arrival and accumulation of anthropogenic organic
pollution to the oceans. While bacterioneuston plays a central
role in mediating biogeochemical processes at global scale,
chronical ADOC pollution SML enrichments might modify
the bacterioneuston’s bioreactor functioning, with a relevant
biogeochemical role in the surface ocean.
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